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Preface

This dissertation consists of seven chapters. Chapter one is an introduction. Chapter
two discusses the spectral work. Chapter three introduces the Karplus concept and
contains three manuscripts which have been published on this subject. Chapter four is a
manuscript summarizing the Karplus work to date. Chapter five describes the synthetic
procedures. Chapter six is composed of two crystal structure manuscripts. Chapter
seven summarizes this research and suggests future work.
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Abstract
This dissertation is the first application of a Karplus-type relationship to solid-state
deuterium NMR spectroscopy. In particular zero-field high-resolution deuterium adiabatic
demagnetization in the laboratory frame (ADLF) spectroscopy has been used to distinguish
between two inequivalent deuterium positions in alpha substituted arylacetic acids. High
resolution spectra with linewidths of 1 - 2 kHz were observed and have been used
successfully to document the inequivalent positions both by single and double transition
spectra. Further, small applied fields, inducing Zeeman splitting, have proven the
deuterons observed to be from the transition frequencies of two different deuterons.
Individual spectra are shown for all compounds included in this study. The quadrupole
coupling constants, e^q^Q/h, were calculated from spectral data. Torsion angle data were
calculated from single crystal X-ray analysis.
The Karplus equation, a method of examining three bond J coupling in solution NMR
spectroscopy has been adapted for use in solid-state zero-field deuterium NMR
spectroscopy for the H-C-C-X torsion angle angle where X is an heavy atom:
e^qzzQ/h = A - B cos(0) - C cos(20) - D sin(2(j>). The parameters, A, C, and D are
derived from experimental data; B was obtained from molecular orbital calcuations. The
quadrupole coupling constants and torsion angles, ^H-Caipha-Cacid-OH (0) and
Cortho'Qing'Calpha'Cacid

were ca^cu^ate(i from experimental data. Two and three

dimensional graphs have been generated. From the three dimensional graphs, the torsion
angles for an arylacetic acid without a crystal structure have been predicted based upon the
results of ADLF spectroscopy and the Karplus-type relationship.

Chapter One

Introduction

1

2
1.

Introduction

1.1.

The Problem

The determination of the structures of polymers is an important key to understanding
their function and macroscopic properties. In particular the torsion angles formed by
backbone atoms in polymers and their spatial relationship to each other or to pendant
groups often determine the functionality of polymers. These angles are easily measured in
crystalline compounds by X-ray analyses, however, non-crystalline systems do not lend
themselves to X-ray analyses.
Measuring torsion angles in amorphous systems has been the subject of much research
over the vast range of polymer species. Many techniques have been employed to gain
information concerning these torsion angles; below is a list of methods reported in the
recent literature. The technique of Raman spectral analyses, using X-ray analyses of
mononucleotides as standards, has been applied to polynucleotides as a method to gain
insight into their conformations. 1 Recently solution 2D NMR spectroscopy has been used
to probe solution conformations of p o l y p e p t i d e s . 2 3 Circular dichroism has been used to
4
observe the effect of pendant group structure on the torsion angles of polyisocyanides.
FTIR spectroscopy has given a window to the study of conformational changes induced by
such treatments to the polymer as annealing, stretching or q u e n c h i n g . 5 Electrochemical
experiments have been performed on conducting polymers using ionization potential and
band gap properties to access the torsion angles between rings.^a.b With all of the afore
mentioned methods of analysis, each has its own limitations; some work well but only on a
specific type of polymeric material. Data in each case is empirically compared to chosen
standards.
Many polymers are used in the solid state, therefore, it is desirable to study them in that
physical state. High-field, solid-state NMR spectroscopy has been utilized extensively to
study molecular motion in polymers7 Carbon-13 CP/MAS NMR spectroscopy has been
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employed to deduce torsion angles by using the chemical shifts of known compounds and
relating their chemical shifts to compounds with unknown c o

n f o r m a tio n s .^

Studies of

deuterium powder patterns have affirmed methyl and methylene rotations, and ring flips in
polymers. 10,11
1.2.

T he Solution

In this work, solid-state deuterium NMR spectroscopy, employing high resolution
adiabatic demagnetization in the laboratory frame (ADLF) spectroscopy, has been used to
study solid-state structural features by examining C-^H sites 12,13,14 and correlating
related torsion angles with a Karplus-type relationship. 15,16 There are several advantages
to ADLF spectroscopy, 12 the use of this technique allows the facile study of less abundant
quadrupolar nuclei such as deuterium and yields spectral line widths of 1 - 2 kHz, versus
110 - 140 kHz linewidths for high field powder patterns. This report will explain results
of measuring torsion angles involving the C-^H sites alpha to the carboxyl group in
substituted arylacetic acids. It is the torsion angle OH-Cacid-Caipha“ ^H that has been
examined as a model so that the concept can be extended to the general case X -C -C -H
where the X atom can be any heavy atom. ADLF spectroscopy will permit the use of
solid-state deuterium NMR spectroscopy to observe the structural features of polymeric
materials which here-to-fore have been difficult to characterize. The possible areas of
application are as varied as the current use of solid-state deuterium NMR spectroscopy,
ranging from polymers, to biomaterials, to surface absorbed species.
Here NMR data collected and the torsion angles obtained from X-ray crystal analyses
have been related to a Karplus-type equation so that this research can be applied to
amorphous materials. Karplus reported his studies of three bond coupling with
hydrocarbons in solution NMR spectroscopy in 1 9 5 9 . Since that time his concept has
been successfully applied to many different types of three bond couplings in solution NMR
spectroscopy; sugars,18 vitamins, 19 and polypeptide pendant groups.20
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1.3.

NMR Spectroscopy

Basically NMR spectroscopy is a technique used to study nuclei in molecules under
the influence of a magnetic f i e l d . M a n y atoms possess magnetic moments and
angular momenta. These nuclei can be made to line up with an exterior magnetic field
and will precess around a magnetic field when they experience a torque due to another
field acting on their magnetic moment This precessional frequency is proportional to
and determined by the gyromagnetic ratio, y, and the strength of the magnetic field, HoThe fundamental equation that governs this phenomenon is the Larmor equation,
Wo = yHo; where 0)o is the Larmor frequency, 2 tcv. The gyromagnetic ratio, y, is a
proportionality constant between the moment and the angular momentum. NMR
spectra are obtained by applying a radio frequency to the nuclei at the correct Larmor
frequency perpendicular to the static magnetic field, Ho- Energy is absorbed;
'resonance' occurs. The resonance signal is detected, Fourier transformed from the
time domain to the frequency domain, and the resulting spectrum yields a written record
for each molecule examined. Whether the sample is examined in the solid state or in
solution, the preceding conditions must be met. This dissertation concerns solid and
solution NMR spectroscopy as it applies to the hydrogen nuclei, *H and ^H.
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2.

Solid-State Deuterium NMR Spectroscopy

2.1. Introduction.
Solid-state deuterium NMR spectroscopy was used in this research to obtain
structural information about molecules by employing adiabatic demagnetization in the
laboratory frame (ADLF) spectroscopy and to study molecular motions in molecules
using high-field NMR spectroscopy. Both techniques will be described in this chapter.

1 = 1/2

1H Nucleus

1=1

2 H Nucleus

Figure 2.1. The hydrogen nucleus (^H) contains only a proton. The deuterium
nucleus (^H) is composed of both a proton and a neutron. In a magnetic field the
two nuclei have different charge distributions as shown in the shaded nuclei.
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Deuterium NMR techniques developed due to the physical differences between the
hydrogen and deuterium nuclei, Figure 2.1. In a magnetic field, the spinning
deuterium atom has an ellipsoidal charge distribution, where the charge is not evenly
distributed about the nucleus, thus creating a quadrupole. In a quadrupole, an electric
field gradient exists between the nucleus and its surrounding electrons. When the z
axis is defined as the principal axis, the electric field gradient is defined as e q ^ , a 3 X 3
tensor with a trace of zero. From quantum mechanics the value of eqzz can be derived
as shown in equation 2.1

Analogous expressions apply for eqxX and eqyy.

( 2 . 1)

In the proceeding equation, e is the absolute value of the electronic charge, VF is the
electronic wave function of occupied molecular orbitals only, n is the index over all the
other atoms in the molecule, Kn is the nuclear charge of the n*h atom, and i is the index
over the electrons of the molecule. The distances rn and rj, and the angles 0n and 0j
are depicted in Figure 2.2.
Proton (*H) is the most naturally abundant hydrogen nuclei, 99.8%,with a relative
sensitivity of 1.00 with respect to the static magnetic field, and a spin quantum number
of 1/2. Deuterium (2h) has a natural abundance of 1.5 x 10'2 %, with a relative
sensitivity of 9.65 x 10*3 with respect to the static magnetic field, and a spin quantum
number of 1.^ Therefore, deuterium nuclei are intrinsically difficult to detect. In this
work all the deuterium spectra were obtained on isotopically enriched samples.
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e
► n^1 nucleus

2

H Nucleus

Figure 2.2. Deuterium nucleus showing the 0j, 0n, rj, rn relationship to e, the
electrostatic charge, the n^1 nucleus, and eq77 the electric field gradient.

2.1.1. D efin itio n s
2.1.1.1. Quadrupole nuclei.
All nuclei with a nuclear spin angular momentum, I, greater than 1/2 have a nuclear
quadrupole moment, Q, and an electric field gradient (efg) which is created by the
charges in the close surroundings of the deuterium nucleus.^ These nuclei are referred
to as quadrupolar nuclei.
The quadrupolar Hamiltonian (Hq) is shown in equation 2.2, where e is the
electrostatic charge, e q ^ the largest component of the electric field gradient, Iz, I, I+, I.
are all nuclear spin angular momentum operators, and T) is the asymmetry p a r a m

e te r .3

( 2 .2)

2.1.1.2.

Quadrupole coupling constant

In equation 2.2, the collective term e2qzzQ/h is the quadrupole coupling constant.
It is a measure of the size of the charge density at the nucleus, and is calculated from
solid state deuterium NMR spectroscopy, Figure 2.3, where v+ and v. are the
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absorption frequencies observed and using the equations 2.3 - 2.5.

I+1>

l-l>

V.

1

0
'H

Figure 2.3. The change in energy is graphed versus the asymmetry parameter (ri).
The frequencies of absorption observed are V- and v+. The absorption at Vo is not
observable at the search frequencies used in these studies.

(2.3)

M)

(2.4)

= I ( V+ +v.)

(2.5)

v = 3 ^OzzQ
4
h
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If needed, vD can be calculated from equations 2.6 and 2.7.
v o = v+ - v.

(2.6)

V o = 2 Tl5^

(2‘7)

2.1.1.3. Asymmetry param eters.
The asvmmetrv parameter (Vp gives information about the shape of the charge
density at the nuclear site. It enters into the quadruplar Hamiltonian, equation 2.2, and
yields information about the distortion of the charge distribution about the nucleus. It is
defined in equation 2.8, where z is the principal axis system.^
ii = e q 5x g % y

(28)

where leqzZl>leqyyl^leq^l. The asymmetry parameter (rj) can also be easily calculated
from solid-state NMR spectra, equation 2.9; Ti ranges from 0 to 1.
H = 2h(^ - V->
e

(2.9)

tzz Q

When the charge about the z axis is symmetrical; rj is zero.
2.2.
2.2.1.

ADLF Spectroscopy
Theory

ADLF spectroscopy is a double-resonance field-cycling NMR technique. It
employs a method of irradiating the less abundant, more difficult to detect nuclei and
observing the more abundant, more sensitive nuclei. Although this spectroscopic
method has been known since the 1960s,^ practical use was first published for
deuterium NMR spectroscopy in 1973.6 The slow improvement in appropriate
instrumentation has hampered ADLF development. Recently many of the equipment
limitations, computer control, sample handling, and magnetic field stability, have been
largely overcome.
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Two important aspects of ADLF spectroscopy are the spin temperature and the
magnetic energy exchange that occurs between the proton and the deuterium spin
systems. As the name suggests, this technique adiabatically exchanges magnetic
energy in the laboratory frame.
2.2.1.L

Spin T e m p e ra tu re

When an assembly of spins are placed in a magnetic field, they align with that field
and have a certain spin temperature. In the solid state, however, several factors enter
into the alignment of the spin system. The time it takes for different nuclei to align with
the magnet is related to their relaxation time.Tj, T2, and T ^ . The relaxation time, T j,
is the time it takes a nucleus to expend its extra energy to the lattice surrounding the
nuclei. The relaxation time, T2, is the time it takes the nucleus to give its energy to a
nearby nucleus. In solids Tj>T2, so the time in the magnet must be greater than T j to
polarize the entire assembly of spins. There are dipolar couplings between the
deuterium nuclei causing their spin systems to couple, this is called Tj^.
2.2.1.2.

Magnetic Energy Exchange

Since ADLF spectroscopy uses one spin system to examine an other, the abundant
proton spin system is used to detect the presence of the less abundant deuterium spin
system. To do this a phenomenon called 'level crossing' is employed to exchange
magnetism (energy) between the two systems. The proton system is composed of spin
1/2 nuclei which can only align with or against the applied field. The deuterium nuclei
are a spin 1 system and can be split by an applied field into three non-degenerate energy
levels, with the field, I +1>, against the field, I -1>, and with zero orientation to the
field, 10 >, Figure 2.4. Transitions are allowed between all three energy levels. The
splitting of nuclei into different energy levels by an applied magnetic field is referred to
as Zeeman splitting. If the spin temperature of the two different nuclei systems can be
made equal, the two spin assemblies can couple and exchange energy, this is called
level crossing. It is this adiabatic exchange of energy, that is the key to ADLF
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spectroscopy.

I High Field I

I Zero Field

High Field I

I - 1/2 >

-

0>

+1 >

I + l/2>

1/2 >

0>

+1 >

I + l/2>

Figure 2.4. This schematic drawing depicting the difference in splitting between
the spin 1/2 system (dashed lines) and the spin 1 system (solid lines) as the two
systems move in and out of the high field region is not drawn to scale. The spin 1
system has a much smaller splitting energy than the spin 1/2 system.
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2.2.I.3.

Experimental Cycle

The experimental cycle is divided into three phases.
1. First the sample is placed in a large magnetic field and both spin systems are allowed to
reach equilibrium with the lattice; to become polarized, Figure 2.5, region A. The
Boltzmann distribution with a well defined temperature will be established, equation 2.10.

nupper / nlower = exP "AE/kT

(2.10)

The number of nuclei in the upper energy state must be less than the number of nuclei
in the lower energy state to obtain an NMR signal. If the number of nuclei in the upper
energy level equals or exceeds the number in the lower energy state, the sample is said
to be saturated and no NMR signal will be obtained.
2. The sample is removed to an area of zero applied magnetism and irradiated with a
suitable rf search frequency, the Larmor frequency for deuterium, which if absorbed
will saturate the deuterium nuclei thus selectively raising their spin temperature,
Figure 2.4, region B.
3. The two spin systems are again allowed to make thermal contact in the applied static
field and the abundant proton system absorbs energy adiabatically from the deuterium
system and becomes partially saturated, Figure 2.4, region C. If rf energy was
absorbed by the deuterium nuclei, the resulting spectrum of the proton system shows a
diminished spectra. Actual spectra are a composite of many cycles through these three
steps at different rf search frequencies.
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Polarize

Irradiate

Detect

Figure 2.5. The field cycling technique of ADLF spectroscopy consists of three
phases. In region A, the proton spins are polarized by the applied field. The
sample is moved to zero-field, region B, and the deuterium spins are irradiated at a
specific rf frequency. The sample is returned to the high-field region, C, the two
spin systems exchange energy and the residual proton magnetization is observed.

During the transit in and out of the magnetic field, the Zeeman energy splitting of
the proton spins collapses, but the deuterium quadrupolar system does not, Figure 2.4.
The quadrupolar nuclei are split into three energy levels which are normally not
equidistant. Also the Zeeman splitting for the proton system is much greater than that
of the deuterium system. With the ADLF spectrometer used in these studies, the
following time frames had to be followed for each sample, 5 s < T j < 1000 s for the
proton spin system and 0.5 s < T ^ < 5 s for the deuterium spin system. The
irradiation time in zero-field is less than Tj^. The zero-field irradiation times were
between 1.5 and 4 s. High-field polarization times were on the order of the proton Tj
(typically, 60 to 300 s) at a magnetic field corresponding to a proton Larmor frequency
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of 15 MHz.
This technique is a powerful one and under favorable conditions is capable of
measuring the quadrupole spectrum of rare spin species in a polycrystalline sample with
a higher sensitivity than any other method yet developed. ADLF spectroscopy
measures the electronic structure of a molecule much more directly than does high-field
NMR techniques and yields information on the magnitude and symmetry of the efg at
the nuclear site. Furthermore the necessaiy calculations for the quadrupolar coupling
constant and the asymmetry parameter, tj, can be simply completed from equations 2.5
and 2.9. It opens the door to fine structure examination of molecules such as torsion
angles at specific sites.
2.2.2.

ADLF Instrum ent

The ADLF instrument presently at use in LSU was built by William L. Jarrett Jr.?
as part of his requirement for the Ph.D degree and Professor L. G. Butler. This
instrument undergoes frequent upgrades. Kermin Guo^ has modified both the
hardware and software on the original equipment.
Figure 2.6 is a simple schematic of the apparatus. A more involved drawing is
shown as Figure 3 in Chapter 4. The sample is moved in and out of the magnetic field
using an air piston. The zero-field and high-field area are enclosed in a Dewar filled
with liquid nitrogen. Presently the computer control is a Macintosh II® with a 5
megabyte memory and employs Lab VIEW® software. A Varian XL100
electromagnet, equipped with a 0-120 ampere power supply is running at 0.3 Tesla,
which corresponds to a *H Larmor frequency of 15 MHz. A Helmholtz coil is used to
create a region of zero magnetic field. The zero-field region is calibrated using a
Gaussmeter and acetamide-(N^H2) is used as a standard.^
A solid sample is placed in a teflon sample holder and screwed onto the air piston
rod. These specifically machined holders contain approximately 300 - 500 mg of
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material which can be easily recovered after the experiment. The zero-field irradiation
level typically ranged from 21 to 34 milliGauss for single quantum transitions and 1.9
to 4 Gauss for double transitions.
Bis(cyclopentadienyl)zirconium dichloride is used to determine the 90° lH pulse. It
has a proton spin-lattice relaxation time at 77 K on the order of 0.5 to 1 second. An
Ostroff-Waugh pulse sequence^ was used in this research.

MacD/LabVIEW

Zero-Field RF

Zero
Field
High-Field RF

High
Field
Magnet

Figure 2.3. Schematic of ADLF spectrometer, showing high field and zero
field regions. The instrument is controlled by a Macintosh n® computer
employing LabVIEW software®.
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2.2.3. Spectra
All the compounds discussed in this section were deuteriated in these laboratories
and their preparation is discussed in Chapter 5.
Historically, the first spectrum, that led to the research project that is the central idea
of this dissertation, was acquired on 2-phenyl[2,2-2H2lacetic acid^»ll»12) Figure
2.7. The spectrum clearly showed the existence of four absorbance peaks and gave a
double transition absorbance at approximately twice the frequency of the single
transition peaks,v+, for each deuteron, Figure 2.8. A double transition occurs when
two deuterons are on the same carbon.
To prove that these single quantum absorbance peaks were really the v+ and v. of
two different deuterons, extensive spectral studies were undertaken using 2-(4bromophenyl)[2 ,2 -2 ^ ]acetic acid^.13^ Figures 2.9, 2.10, 2.11. This substituted
arylacetic acid was chosen because of its ease of recrystallizing, an X-ray structure was
determined, and its ADLF spectra were very well defined. The unsubstituted
phenylacetic acid has very poor crystalline properties, and no X-ray structure has been
successfully completed, see Chapter 5. The 2-(4-bromopheny1)[2,2-2H2]acetic acid
was examined at three different magnetic fields in the zero-field area. If the four peaks
were really the v+ and the v. for two different deuterons, when a small applied field
was present during the time of the rf search frequency then the v+ and the v. would
each be shifted due to a slight Zeeman perturbation induced by that field. This is the
case; the V+ is shifted to a higher frequency and the v_ is shifted to a lower frequency,
Figure 2.11. X-ray crystallographic data did confirm the nonequivalent position of the
two alpha deuterons with respect to the oxygen atoms on the carboxyl carbon. The
hydroxyl oxygen (02) was chosen as the standard atom for all ORTEP drawings, Figure
2.12, to show the nonequivalency of the two deuterons with respect to the nearby
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oxygen atom.
Once it was proven that these spectra really allowed us to observe the fine structure
for each deuteron connected to a single carbon atom, more arylacetic acids were
deuteriated and studied. ADLF spectral data and X-ray ciystallography structure
determinations could then be combined by use of a mathematical relationship and the
resulting graph would be used to determine the torsion angles in amorphous materials
for which single crystal X-ray crystallography would be impossible. Prior studies of
amorphous materials through NMR spectroscopy have been used either empirically or
to observe gross features of solids. For the first time, through deuterium ADLF
spectroscopy, scientists could observe the fine structure of solid materials directly.
The first major paper explaining this technique^ showed the spectra of 2-(4chlorophenyl)[2,2-2H2]acetic acid, Figures 2.13 and 2.14.
A complex spectral pattern was acquired for 2-(4-fluorophenyl) [2,2-2H2]acetic
acidl 1 which did not comply with X-ray crystallographic findings, Figures 2.15,2.16.
The X-ray crystallographic study of this crystal was performed at room temperature; the
ADLF spectra were obtained at 77 K. Possibly crystallographic phase changes occur at
lower temperature, yielding an ADLF spectra that appears to be of nonequivalent
deuterium positions with respect to the nearby hydroxyl oxygen. The X-ray data
shows the two deuterons at equivalent positions with respect to the hydroxyl oxygen,
Figure 2.17. A complex multiplet can be expected if the 0 = 60°. This has been
predicted by molecular orbital calculations done on the acetic acid dimer for 0 =
±60°. 13 However, when a small magnetic field was applied in the zero-field zone of
the spectral acquisition, it did not show the expected shifts of the spectral lines to lower
and high frequencies as observed with other arylacetic acids. Furthermore the double
transition spectrum has several peaks instead of the expected one, Figure 2.16. It is not
unknown for molecules to have irregularities in their crystal form or packing structure
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that cause difficult to interpret spectral results. This problem has been observed in
l^N -lH compounds where crystallographic changes occurred at different
temperatures.15*16. 17 See Chapter 5 for a discussion of the X-ray analysis.
A deuteriated arylacetic acid with an electron withdrawing substituent in the para
position, 2-(4-nitrophenyl)[2,2-2H2]acetic acid, gave an interesting spectrum with an
overlapping v+ and v_ pattern, Figure 2.18. This was resolved by acquiring spectra at
0 and 2.5 Gauss, Figure 2.19 and observing the spectral shifts of v+ and v_. The v.
transition is asymmetrically broadened to lower frequencies, while the v+ transition is
shifted to high frequencies. This Zeeman perturbation of the spectra proves that the v+
of one deuteron overlaps the v. of the other. A double transition spectra was as
expected, Figure 2.20.
Two naphthylacetic acids were deuteriated. Their spectra are as follows; 2-(lnaphthyl)[2,2-2H2]acetic

a c id * 2 ,

Figures 2.21, and 2-(2-naphthyl)[2,2-2H2]acetic

acid 12, Figures 2.22,2.23. Figure 2.22 demonstrates the asymmetric shifting of the
spectral frequencies at four applied fields, 0.5,1.0 , 2.5, and 3.0 Gauss. Figure 2.23
is the double transition spectrum.
To observe spectra data with only one deuteron present, two compounds, 2,2diphenyl[2-2H]acetic

a c id

12, Figure 2.24,2.25, and 2,2-bis(4-chlorophenyl)[2-

2H]acetic acid!2, Figure 2.26, were prepared. Only one peak was observed in the
spectra of 2,2-bis(4-chlorophenyl)[2-2H]acetic acid at 0 Gauss. Spectra were run at
0,1,2, and 3 Gauss to show the v+ and v- splitting. Although 2,2-diphenyl[2-2h]acetic acid exhibited two peaks, spectra were run at 0 ,1 ,2 , and 3 Gauss to see if any
further splitting would occur, Figure 2.25; none did.
Results form these spectral data were combined into a table and related to a
Karplus-type equation to be published in Macromecules, Chapter 4.
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Figure 2.7. The ADLF single transition spectrum of 2-phenyl [2,2-2H2]
acetic acid (C-^H2 = ~96%) showing the v+ and v_ for two deuterons.
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Figure 2.8. The ADLF double transition spectrum of 2-phenyl[2,2-2H2]
acetic acid (C-2H2 = ~96%) showing one transition. Proving that the
deuterons are on one carbon atom.

24

Recovered Magnetization ( % )

100

115

120

125

130

135

140

Search Frequency (kHz)

Figure 2.9. The ADLF single transition spectrum of 2-(4-bromophenyl)
[2,2-^H2]acetic acid (C-^H2 = -50%) showing the v+ and v_ for two deuterons.
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Figure 2.10. The ADLF double transition spectrum of 2-(4-bromophenyl)
[2,2-2H2]acetic acid (C-2H2 = ~73%) showing one transition. Proving that the
deuterons are on one carbon atom.
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Figure 2.11. The ADLF spectra of 2-(4-bromophenyl)[2,2-2H2]acetic acid
(C-2H2 = ~73%) at three different applied magnetic fields; a) 0.0 Gauss, b) 1.0
Gauss, and c) 2.0 Gauss. Proving that the spectra is of two different deuterons.
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Figure 2.12. An ORTEP drawing of 2-(4-bromophenyl) [2,2-^H2] acetic acid
showing an inequivalency between the two deuterons with respect to the hydroxyl
oxygen. The torsion angle of interest is defined as ^H-Caipha'Cacid'OH.
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Figure 2.13. The ADLF single transition spectrum of 2-(4-chlorophenyl)
[2,2-2H2]acetic acid (C-^H2 = ~93%) showing the v+' and v. for two deuterons.
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Figure 2.14. The ADLF double transition spectrum of 2-(4-chlorophenyl)
[2,2-2H2]acetic acid (C-2H2 = -93%) showing one transition. Proving that the
deuterons are on one carbon atom.

100

Id

es
£
■e
vu
V
>

70 .

115

120

125

130

135

140

Search Frequency (kHz)

Figure 2.15. The ADLF single transition spectrum of 2-(4-fluorophenyl)
[2 ,2 -2 ^ ]acetic acid (C-^H2 = ~85%) showing a complex mulitplet.
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Figure 2.16. The ADLF double transition spectrum of 2-(4-fluorophenyl)
[2,2-2H2]acetic acid (C-^H2 = ~85%) showing a complex pattern.

Figure 2.17. An ORTEP drawing of 2-(4-fluorophenyl)[2,2-2H2]acetic acid
showing no inequivalency between the two deuterons with respect to the hydroxyl
oxygen. The torsion angle of interest is defined as ^H-Caipha'Cacid'OH.
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Figure 2.18. The ADLF single transition spectrum of 2-(4-nitrophenyl)
[2,2-2H2]acetic acid (C-^H2 = -9 9 % ). A v+ and a v. for each deuteron is
overlapping. See Figure 2.20b for a resolution of the v+ and v. frequencies
in the center peak.
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Figure 2.19. The ADLF single transition spectra of 2-(4-nitrophenyl)[2,22H2]acetic acid (C-2H2 = ~99%) at two different applied magnetic fields; a)
0 Gauss b) 5.0 Gauss. Proving that the spectra is of two different deuterons.
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Figure 2.20. The ADLF double transition spectrum of 2-(4-nitrophenyl)
[2,2-2H2]acetic acid (C-^H2 = ~99%) showing one transition. Proving
that the deuterons are on one carbon atom.
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Figure 2.21. The ADLF single transition spectrum of 2-(l-naphthyl)
[2,2-2H2] acetic acid (C-^H2 = ~100%) showing the v+ and v. for two
deuterons.
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Figure 2.22. The ADLF single transition spectra of 2-(2-naphthyl)
[2,2-2H2]acetic acid (C-2 h 2 = -40% ) at a) 0.5 G, b) 1.0 G, c) 2.0 G, d)
2.5 G, d) 3.0 G showing the v+ and v. for two deuterons.
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Figure 2.23. The ADLF double transition spectrum of 2-(2-naphthyl)
[2,2-2H2] acetic acid (C-^H2 = ~40%) showing one transition. Proving
that the deuterons are on one carbon atom.
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Figure 2.24. The ADLF single transition spectrum of 2,2-diphenyl
[2-2H]acetic acid (C-^H = ~40%) showing the v+ and v. for one deuteron.
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Figure 2.25. The ADLF single transition spectra of 2,2-diphenyl[2-2H]acetic
acid (C-^H = ~40%) taken at a) 0 G, b) 1G, c) 2 G, and d) 3 G showing the v+
and v. absorbance peaks separating under the small applied field.
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Figure 2.26. The ADLF single transition spectra of 2,2-diphenyl[2-2H]acetic
acid (C-^H = ~40%) taken at a) 0 G, b) 1 G, c) 2 G, and d) 3 G showing the v+
and v. absorbance peaks separating under the small applied field.
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2.3.
2.3.1.

High-Field Solid-State Deuterium NMR Spectroscopy
Introduction

High-field solid-state NMR spectroscopy differs from solution NMR spectroscopy
in that it has an angular dependance and gives information about the motion in
molecules. The spectral linewidths of solid-state powder patterns are very broad and in
the case of the deuterium nucleus, over 150 - 200 kHz wide On the other hand, ADLF
spectroscopy, which is a field cycling technique, will yield spectra with a 1 - 2 kHz
line-width which allows insight into the fine structure of the molecule. All of these
techniques follow the basic laws of NMR spectroscopy as outlined in Chapter 1.
The use of high-field solid-state deuterium NMR spectroscopy to study molecular
motion in polycrystalline and amorphous materials is k n o w

n .

18 However, deuterium

NMR line shapes are very broad so the signal dies away very rapidly. This decay is so
rapid that most of the signal is lost during the receiver dead time. The introduction of
quadrupole echo NMR pulse sequences essentially revolutionized this field. The
quadrupolar echo pulse sequence refocuses the magnetization until the receiver has had
time to recover from the high-powered transmitter pulse and the dead time is o v e r . 19
In the absence of quadrupolar interactions, when a deuterium nucleus experiences a
magnetic field, the three degenerate nuclear levels of its spin one system are split by the
Zeeman interaction into three equally spaced energy levels. If the quadrupolar
interaction is added as a perturbation to the Zeeman interaction, the energy levels are
further split, see Figure 2.21. The extent to which these frequencies are shifted for
different types of deuterons depends on the electric field gradient, the asymmetry
parameter, and the angle 0 formed by the direction of the eqzz tensor with the magnetic
field. The simple case, where the asymmetry parameter is zero, is shown in
Figure 2.27.
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Figure 2.27. The effect of the Zeeman and quadrupolar interactions on the spin 1
system in high-field NMR spectroscopy.

In high-field deuterium NMR, there are two allowable transitions from 1-1 > to 10 >
and 10 > to 1+1 >, Figure 2.27. In a powdered sample, the line shape for each spin state
transition is determined by the probability distribution of the C-^H bond orientation
with respect to the direction of the magnetic field. The total line shape is a sum of two
separate powder patterns, one for each allowed transition. The peaks of the line shape
correspond to the contribution from C-^H bonds oriented 90° or perpendicular with
respect to the direction of the magnetic field. The shoulders correspond to the parallel
or 0° orientation, Figure 2.28.
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Figure 2.28. The observed powder pattern is a combination of two spectra transitions
from I -1 > to 10 > and 10 > to I +1 >. The quadrupolar interaction dominates this
spectrum, Figure 2.27.
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In a solid sample the deuterons are randomly oriented with respect to the magnetic
field. The deuterium powder pattern is determined by the probability of orientations
where 0 = 90° (Avj) and 0 = 0° (AV2), Figure 2.29. By substituting 0 = 90° in
equations 2.11 and 2.12, Avi = 3/4 e2qzzQ/h can be derived. If 0 = 0°, then AV2 =
3/2 e^q^Q/h.

3 e2qzzQ
(3 cos2 0 - 1 )
8 h

(2 . 11)

v+ = v0 + 1 - ^ 2 (3 cos2 0 - 1 )
o h

(2 . 12)

v_ = Vo -

AVi = ^ e2qzzQ/h
1 4

0 = 90°

T| = 0
'v .

e=0-

Av2 = ^ e2qzzQ/h

Figure 2.29. The quadrupole coupling constant can be easily calculated by measuring
the Hz separation between the tips of the Pake doublet, Avj.
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2.2.3. S p ectra
All the high-field solid-state spectra were acquired on a Bruker MSL 200 at 30.7
MHz which is the Larmor frequency for deuterium. A quadrupolar echo pulse
sequence was used; (90x _x-x\ -90y-X2-acqXrX).20 The delay between 90° pulses, xj,
and the the delay, X2, before the echo acquisition were maximized to avoid picking up
the carrier frequency which will give a spike in the center of the spectrum. A two-step
phase cycling routine, where the phase of the first 90° pulse and the receiver phase are
alternated between 0° and 180°, was used in order to cancel the effects of the dead
time.21 The T j relaxation time for the arylacetic acids was estimated to be about 10 to
20s. This proved to be satisfactory. Delays of 60 and 90s were used between scans.
The polymer T \ was also estimated to be Is or less; a five second delay was used
between scans. Points at the beginning of the fid data array were removed by left-shifts
of the data array so that the maximum intensity of the fid occurred at the first point in
the data array. A line broadening factor was used as a exponential multiplier to improve
the signal to noise ratio before the FED was Fourier transformed. Both elevated and
low temperature spectra were acquired, figures 2.30 to 2.34.
A simulated spectra was generated for 2-(4-chlorophenyl)[2,2-2H2]acetic acid,
Figure 2.35 using MATLAB© solftware which exhibited a Pake doublet and
s h o u l d e r s . 23

The two quadrupole coupling constant values, 174.0 (9) kHz for the

distant deuteron and 168.2(9) kHz for the near deuteron.were used in the calculation.
Small splittings were observed at the 90° absorption frequencies. The shoulders (180°)
appear to two spectral lines superimposed. The actual spectra, ranging in temperature
from 180 K to 340 K, Figures 2.31 and 2.32, do not exhibit shoulders possibly due to
the shortness of the T2.
Powder patterns were examined for four compounds. The quadrupole coupling
constants obtained show some temperature dependance. The motion in the compounds
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effect the calculated quadrupole coupling constant. The more motion, the shorter the
distance between the tips of the Pake doublet, Avi, the lower the calculated value of
q u a d ru p o le c o u p lin g c o n s ta n t.

>22,24 Also the asymmetry parameter is not 0. At

77 K it ranges from 0.012 to 0.047 (Chapter 3, Table 1). An increase in the
asymmetry parameter will decrease the Avj value. Therefore, an average 10 kHz
decrease in the quadrupole coupling constant is not unexpected in high-field as
compared to zero-field NMR spectroscopy. In this type of experiment, 1 kHz is within
experimental error. Tables 2.1 - 2.4 summarize the data.

Table 2.1.

High-field solid-state deuterium spectral data for 2-(4-bromophenyl)[2,2-2H2]acetic
acid ( C-2H2 = -50%), Figure 2.26.
temperature
K

number of
scans

Avi
kHz

e2q77Q/h
kHz

left
shift

122.314
180
336
2
163.09
541
250
121.337
161.78
2
534
119.384
300
159.18
2
The delay between scans = 90 s, the pulse width = 2.1 (is, Tj = 25 (is, x2 = 26 |is, LB
= 2000, spectral width = 1,500 kHz.
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Table 2.2.

High-field solid-state deuterium spectral data for 2-(4-chlorophenyl)[2,2-2H2]acetic
acid (C^H2 = -93%), Figure 2.31
temperature
K

number of
scans

Avj
kHz

180
207
122.802
250
573
120.605
300
207
118.896
The delay between scans = 90 s, the pulse width = 2.1
LB = 2000, spectral width = 1,000 kHz.

e^q^Q/h
kHz

left
shift

163.74
2
160.81
2
158.53
2
(is,
= 25 |is, X2 = 26 jis ,

High-field solid-state deuterium spectral data for 2-(4-chlorophenyl)[2,2-2H2]acetic
acid (C2H2 = -93%), Figure 2.32.
temperature
K

number of
scans

Avi
kHz

kHz

left
shift

118.713
6
297
158.28
213
4
128.408
157.88
317
226
2
117.797
157.08
330
193
121.459
161.95
10
340
490
The delay between scans = 60 s, the pulse width = 2.5 |is, %\ = 30 |is, X2 = 31 |is,
LB = 3000, spectral width = 2,500 kHz.
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Table 2.3

High-field solid-state deuterium spectral data for 2-(4-nitrophenyl)[2,2-2H2]acetic acid
(C2H2 = -99%), Figure 2.33.
temperature
K

number of
scans

Avj
kHz

407
121.582
180
250
461
118.408
300
604
119.385
The delay between scans = 90 s, the pulse width = 2.1
LB = 2000, spectral width = 1.500 kHz.

left
shift

e2qzzQ/h
kHz
162.11
157.87
159.18
(is, Ti = 25 |is, %2 -

2
2
2
26 (is,

Table 2.4

High-field solid-state deuterium spectral data for Poly(4,4'-Biphenylene [2,2,3,32H4]succinate) [2-(C-2H2l = -66% ), Figure 2.34.
temperature
K

number of
scans

Avj
kHz

e^QzzQ^
kHz

left
shift

123.164
2
5230
164.20
120
163.20
2
4890
122.385
160
2
122.070
162.76
200
5575
2
6664
121.826
162.43
250
2
11500
117.431
156.57
297
At 120,160, and 297 K, the delay between scans = 5 s, the pulse width = 2.0 (i.s,
Ti = 9 (is,T2 = 10 (is, LB = 2000, at 120 and 160 K, spectral width = 715 kHz, at 297
K, spectral width = 500 kHz.
At 200 K, the delay between scans = 3 s, the pulse width = 2.0 |is, z \ = 9 |0.s,
%2 = 10 M-s, LB = 2000, spectral width = 715 kHz.
At 250 K, the delay between scans = 5 s, the pulse width = 2.1 |is, Ti = 20 (is,
T2 = 21 (.is, LB = 2000, spectral width = 500 kHz.
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2-(4-Bromophenyl)[2,2-2H2]acetic acid
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Figure 2.30. High-field solid-state deuterium spectra for 2-(4-bromophenyl)[2,22H 2]acetic acid ( C-2H2 = ~50% ) at three temperatures.
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High-field solid-state deuterium spectra for 2-(4-chlorophenyl)[2,2-

2H 2]acetic acid (C2H 2 = ~93%) at three temperatures.
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Figure 2.32. High-field solid-state deuterium spectra for 2-(4-chlorophenyl)[2,22H2]acetic acid (C^H.2 = ~93%) at four temperatures.
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2-(4-Nitrophenyl)[2,2-2H2]acetic acid
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Figure 2.33. High-field solid-state deuterium spectra for 2-(4-nitrophenyl)[2,22H2]acetic acid (C^H2 = ~99%) at three temperatures.
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Poly(4,4'-biphenylene[2,2,3,3-2H4]succinate)
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Figure 2.34. High-field solid-state deuterium spectra for Poly(4,4'-biphenylene
[2,2,3.3-2H4] succinate) [2-(C-2H 2) = ~66%] at five temperatures.
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2-(4-Chlorophenyl)[2,2-2H2]acetic acid
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Figure 2.35. Simulated spectra for 2-(4-chlorophenyl)[2 ,2 -2 ^ ]acetic acid.
LB = 500, Increment = 3%tep, Hz/pt = 0.78.
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3.

Development of a Karplus-type relationship.

3.1.

Introduction

The first report of an equation, useful for calculating dihedral angles in three bond
couplings (^J), was for hydrocarbons employing solution NMR spectroscopy developed
by Martin Karplus in 1959.1 His model compounds were hindered cyclohexanes. From
this first report, numerous applications have evolved using the Karplus equation or some
related Karplus-type relationship to study three bond torsion angles in different
compounds. Solution NMR spectroscopy which is a non-angular dependant type of
analysis has been used for twenty years in this capacity by relating unknowns to standards
fitted to the Karplus relationship. In the case of large molecules, literature reports of
successful solution spectroscopy to observe torsion angles in sugar^, vitamins,3 and
polypeptide pendant groups,4 are just a few of the various applications this equation has
found.

\
Solution *H NMR Spectroscopy

Solid-State

NMR Spectroscopy

We report here the first use of the Karplus-type relationship for solid-state deuterium
NMR spectroscopy. In particular, deuterium NMR spectroscopy yields information about
the bonding in m o l e c u l e s 5 > 6 , 7

ff0 m

calculated electric field gradients. Deuterium ADLF

spectroscopy exhibits fine line spectra of 1 - 2 kHz which yield spectral transitions with
very small error limits, usually less then 1%.8 These spectral data allow the calculation of
quadrupole coupling constants, e2qzzQ/h, and asymmetry parameters, T|, Chapter 2,
equations 2.5 and 2.9.
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3.2.

K arplus-type R elationship

Initially I was preparing compounds deuteriated alpha to a carbonyl or carboxyl group
for a deuterium solution NMR study. These compounds were routinely screened in the
solid-state on our home-built ADLF spectrometer9 An interesting spectrum of 2phenyl[2,2-2H2]acetic acid, Chapter 2, opened the door to examining the inequivalent
positioning of the two deuterons alpha to the carboxyl function. In a separate project,
Kermin Guo was calculating the electric field gradient tensors for thymine and toluene. 10
He then calculated the electric field gradient tensors at the methyl sites for an acetic acid
dimer using a GAUSSIAN 82 program and a 6-31G** basis set.H>12,13 T h is dimer is also
centrosymmetric as are the arylacetic acids used in this study.
More compounds were prepared for the ADLF study and the inequivalency of the two
alpha deuterons was observed in more spectra. This spectral information was related to a
Karplus equation as follows:
The basic Karplus equation is
3j = A + B cos 0 + C eos 20

(3.1)

and was initially modified with limited experimental data as f o l l o w s 14,15
e2qzzQ/h = 170.3(3) - 0.5491 cos 0 - 2.6(4) cos 20

(3.2)

where
A is a least squares fit of the experimentally derived e^q77Q/h values.
B corrects for the non-symmetric shape o f the curve and was calculated by gau ssian 82.
C gives the basic cosine shape to the curve and is refined from experimental data.
Thus the original equation was modified for data from the ^H-C-C-X ,0, torsion angle
where X could be any heavy atom.
To arrange our graph so as to see the greatest change in the quadrupole coupling
constant, the hydroxyl oxygen was chosen over the carboxyl oxygen because it reaches a
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maximum of -4.2 kHz for the deuterium at closest approach to the hydroxyl oxygen site,
0 = 0°.14 The carboxyl contribution is not ignored, indeed both oxygen atoms do
contribute to the quadrupole coupling constant and asymmetry parameter of the alpha
deuteron but the hydroxyl oxygen gave the biggest difference. The solid line in Figure 3.1
is calculated, using a line fitting program for A e^q^Q /h relative to a 90° torsion angle,
^H-Caipha-Cacid-OH, 0, for the arylacetic acids.
The 0 and quadrupole coupling constant data from our model compounds, Table 3.1,
were then plotted on this Karplus graph, Figure 3.1. The 0 values are from calculated
torsion angles obtained from single crystal X-ray analysis of each compound. The
quadrupole coupling constants data are calculated from the v+ and v. spectral data obtained
from zero-field deuterium ADLF spectroscopy. The terms 'Near' and 'Distant'
differentiate the two deuterons, one is closer to the hydroxyl site than the other. The
^H—OH distances, from X-ray analysis, are given in Table 3.1. The deuteron closer to
the hydroxyl site has the smaller quadrupole coupling constant, although there is a
contribution from the carboxyl oxygen it is less than the hydroxyl contribution.
This concept was presented at two National American Chemical Society meetings. The
initial work was presented in Denver in April 1987; this Chapter, section 3.3.*6 A more
developed presentation was given in New Orleans in September 1987; this Chapter, section
3.4.17 a detailed account of the development of a Karplus-type relationship for solid-state
deuterium NMR spectroscopy was published in the Journal o f the American Chemical
Society in 1988; this Chapter, section 3.5.14 spectral data elaborating the examination of
different levels of deuteriation and Zeeman perturbations at zero-field will appear in the
Journal o f Magnetic Resonance.15 Chapter 4 of this dissertation, detailing
crystallographic work and further examination of the ring effects on the above derived
Karplus-type relationship, will be sent to Macromolecules. Calculations performed on
ADLF and X-ray data to evaluate the effects of ring distortion on the Karplus relationship
will be published in Macromolecules. 18
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This chapter introduces the Kaiplus-type relationship and documents its development in
the next three manuscripts. Chapter 4 describes the current status of this work where
molecular interactions effecting the Karplus curve fit are further e x a m

in e d .1 9

Chapter 7

projects further investigation and application of the concept.
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Figure 3.1.

Graph of the quadrupole coupling constant vs the torsion angle 0,

^H-Cjjpha-Cacid' OH. The solid line is obtained from equation 3.2. The
compounds graphed are; ® 2-(4-chlorophenyl) [2,2-2H2]acetic acid, B

2-(4-

bromophenyl)2,2-2H2]acetic acid, A 2-(2-naphthyl)[2,2-2H2]acetic acid,
and ▼ 2,2-bis(4-chlorophenyl)2-^H] acetic acid.
See Chapter 4 for the present development and a further discussion of the Karplusrelationship and associated graphs.
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Table 3.1.
Quadrupole Coupling Constants and Torsion Angles
for Substituted Arylacetic Acids
2-(4-Chlorophenyl) [2,2-2H2] acetic A c id ^ , 15
v ., v+, kHz
e2qzzQ/h, kHz

129.0(7),132.0(7)
174.0(9)

125.0(7), 127.0(7)
168.2(9)

77

0.034(16)

0.024(17)

2.70
89.38(21)

2.36
30.62(21)

d ( 0 —2H),
0, degb

Aa

2-(4-Bromophenyl)[2,2-2H2]acetic A cid^,19
v ., v+, kHz
e2qzzQ/h, kHz

129.0(7), 132.0(7)
174.0(9)

125.5(7),127.5(7)
168.7(9)

77

0.034(17)

0.024(17)

2.760
91.27(43)

2.394
28.73(43)

d ( 0 —2H),
0, degb

Aa

2-(2-Naphthyl)[2,2-2H2] acetic Acid 15,19
v ., v+, kHz

127.5(10),128.5(5) 124.5(5),126.5(10)

e2qzzQ/h, kHz

170.7(10)

167.3(10)

77

0.012(12)

0.024(18)

2.66
76.70(14)

2.43
43.30(14)

d ( 0 —2H),
9, deg *>

Aa

2,2-Bis(4-chlorophenyl)[2-2H]acetic.Acidl5>20
v ., v+, kHz

126(5), 127(5)

e2qzzQlh, kHz

168.7(7)

n
d ( 0 - 2H),

0.012(12)

9, deg c

Aa

2.369
16.90(50)

a Distance from deuteron to nearest oxygen atom.
b 0 is the torsion angle between the deuteron and the hydroxyl oxygen, The error
limits are for the Cnng-Caipha'Cacid’OH torsion angles.
c 0 for acids with one deuteron were calculated from an average of the CnngCalpha'Cacid'OH torsion angle for each C nng.
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Inequivalent C-D Bonds in Organic Methylene Units:
A Neighboring Oxygen Atom Effect on the Solid-State Deuterium NMR Spectra.
M. Jackisch, W.L. Jarrett, K. Guo, and L.G. Butler
Department of Chemistry,
Louisiana State University
Baton Rouge, LA 70803 USA
3.2.1.

In tro d u ctio n

Solid-state powder 2H NMR is often used to measure dynamics in polymers.
One common method of spectral analysis relys on the 2H powder pattern lineshape
(1). However, a distribution of static values for the 2H quadrupole coupling
constant, e2qzzQ/h, and the asymmetry parameter, t), affects the 2H lineshape and
can lead to erroneous interpretation of the solid-state dynamics (2). This work shows
that charged atoms adjacent to a CH2 unit can affect the 2H e2qzzQ/h and r\.
3.2.2.

E xperim ental

Phenylacetic acid, C6H5CH2CO2H, was deuteriated at the methylene site by
refluxing in LiOD/D2 0/THF, followed by neutralization with H2SO4 to protonate the
acid function. Deuteriation level was 95% (C2H2) as gauged by integration of the
solution 1h NMR and mass spectra.
High resolution 2H spectrum were taken at 77 K by the adiabatic demagnetization
in the laboratory frame (ADLF) technique (3). Low level rf irradiation 10 mGauss
peak, was used for observing the v_ and v+ transitions (Figure 3.2a). The more
intense transitions were assigned to v+ transitions, yielding two 2H sites with the
following parameters: e2qzzQ/h = 172.3(7) kHz, r\ = 0.036(12); e2qzzQ/h =
166.7(7) kHz, tj = 0.029(11). RF power was increased to 2 Gauss peak to excite the
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double quantum transition, v+ (A) + v+ (B), showing coupling between the two
C-^H sites (Figure 3.2b). Observation of the double quantum transition at the
relatively low rf power of 4 Gauss peak proves that the two 2h sites are close, within
about 2 or 3 A (4).
3.2.3.

Results and Discussion

On the basis of electric field gradients calculated from ab initio molecular orbital
calculations, the source of the 2 h NMR inequivalency between the two C-^H sites,
has been assigned to the charge resident on the carboxylic acid oxygen atoms. Figure
3.3 shows the general case for acetic acid 2 h e2qzzQ/h and T\ as a function of rotation
angle about the methyl-carbon acid-carbon bond. The EFG parameters were
calculated with Gaussian-82 and the associated properties package using 6-31G **
basis set (5). The 2 h nuclear quadrupole moment was taken as 2.86 X 10 '27 Cm 2
(6). A similar calculation for toluene has shown that the 71-electrons of the aromatic
ring have little effect on the 2 h e2qzzQ/h of the methyl group, certainly to lesser
extent than do the oxygen atoms in acetic acid; total variations are 1.4 kHz (toluene,
ref. 2) versus 4.2 kHz (acetic acid).
The effect of neighboring electronegative atoms on the 2h is expected to be
general. The consequence to the study of polymers by 2h NMR is mixed: dynamic
measurements are made more involved, however additional conformational
information is available.
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A Karplus-Type Relationship for the Solid-State Deuterium NMR Spectroscopy
of Four Substituted Acetic Acids
M. Jackisch, W.L. Jarrett, K. Guo, F. R. Fronczek and L.G. Butler
Department of Chemistry,
Louisiana State University
Baton Rouge, LA 70803 USA

3.4.1.

In tro d u ctio n

Herin, we present a method for measuring ^H-C-C-X torsion angles in amorphous
solids. The method resembles in character the Karplus equation widely used in solution
*H NMR spectroscopy for measuring torsion angles in hindered cyclohexanes.
3.4.1.

M ethodology

In solid-state deuterium NMR spectroscopy, structural information comes about from
the fact that the deuterium NMR spectrum is determined by the electric field gradient at the
deuterium nuclear site. The electric field gradient is a tensor quantity with a trace of zero.l
In reports of solid-state deuterium NMR data, the common convention is to refer to an axis
system that diagonalizes the electric field gradient tensor, the largest diagonal element of the
tensor, eq77, gives the quadrupole coupling constant, e2qzzQ/h. The quadrupole coupling
constant is a direct function of the charge distribution in the close vicinity of the deuterium
nucleus.
Substituted acetic acids are convenient molecules for establishing the relationship
between torsion angle and deuterium quadrupole coupling constant. The calculated values
(ab initio molecular orbital calculation, 6-31G** basis set) for an acetic acid dimer are
fitted by a Karplus-type equation to give:
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e2qzZQ/h = A -O .5 5 c o s0 -1 .7 9 c o s 2 0

(1)

where 0 is the ^H-C-C-OH torsion angle. 2 Because of the tendency for calculated
deuterium quadrupole coupling constants to be larger than experimental values, the A
parameter of eq. 1 is determined from experimental values of the deuterium quadrupole
coupling constant (yida infra).
On the basis of the torsion angles shown in Figure 3.4 and on the Karplus-type
equation, eq. 1, for predicting the deuterium quadrupole coupling constant, the highresolution, zero-field ADLF spectrum of (4-chlorophenyl)[2,2,-^H2]acetic acid should
show two different sets of deuterium v. and v+ transitions. While four transitions are
indeed observed, as shown in Figure 3.5, the spectral assignment is not straightforward.
The methods used for spectral interpretation are similar to those applied to other coupled
deuterium spin systems:^ (1) Zeeman-perturbed ADLF spectroscopy and (2) analysis of the
deuterium-deuterium induced fine structure and double transitions. Application of small
magnetic fields causes the v_ and v+ transitions to be asymmetrically broadened in a
characteristic fashion; the v_ transition is broadened to lower frequency, the v+ to higher
frequency. By this technique, the peaks at 125.0 (7) and 129.0 (7) kHz are identified as
the v. transitions and the ones at 127.0 (7) and 132.0 (7) kHz as the v+ transitions.
Observation of deuterium-deuterium dipolar coupling induced fine structure and
deuterium-deuterium double transitions were used to assign the v_ transition of a deuteron
to its corresponding v+ transition. The fine structure shown in Figure 3.5a contributes to
the rather large linewidth, Av ~ 1.5 kHz, in the 0 gauss spectrum. The observation of
double transitions conclusively shows that the two deuterium sites are in close proximity,
less than several Angstroms from each other.
The deuterium ADLF spectroscopy and structural data for (4-chlorophenyl)[2,2,2H2]acetic acids is summarized in Table3.2. The assignment of the site with the larger
value of the deuterium quadrupole coupling constant is based upon the Karplus-type
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relationship given in eq. 1. The "C-^H Normal" site is so labeled because of the similar
value of the deuterium quadrupole coupling constant for this site and values found in
simple hydrocarbons. For comparison, the data for the C^H2 unit is (9,9-2H2)fluorene,
which does not have any highly electronegative atoms, is also included in Table 3.2. Also
listed in Table 3.2 are the results for three other substituted acetic acids, (4-X-phenyl)[2,2,2 h 2]acetic acid (X=F, Br, NO2).
The ADLF and structural data for the substituted acetic acids were used to obtain a
preliminary value for the A parameter of eq. 1 as 170.14 kHz, Figure 3.6. The B and C
parameters obtained from the acetic acid dimer calculations should be regarded as
preliminary until confirmed by further experiments. Inductive effects from substitutents
and steric effects may modify the results; this is apparent in the observed deviation found
for (4-nitrophenyl)[2,2,-2H2]acetic acid as shown in Figure 3.6.
3.4.1.

C onclusions

The fact that the calculated deuterium quadrupole coupling constants and asymmetry
parameters of an acetic acid dimer can be fitted by a Karplus-type equation is very
interesting. Prior to this study,^ there are no reported methods for correlating deuterium
quadrupole coupling constants in C-^H bonds with solid-state structural features. Further
work is now in progress to refine experimental values for the parameters, A, B, And C. It
should be straightforward to extend the method to other functional groups, for example,
esters, ketones, and sulfones.
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Table 3.2. Deuterium Quadrupole Coupling Constants, Asymmetry Parameters,
and Structural Data for Substituted Acetic Acids

Compound

"C-2II Normal"

"C-2H Perturbed"

(4-C h lorop h en yl)(2,2-2H )acetic acid
v+, kHz
v_, kHz

132.0(7)

127.0(7)

129.0(7)

12 5 .0 (7 )

e 2qzzO/h, kHz

174.0(9)

168.0(9)

0.034(16)

0.0 2 4 (1 7 )

d(0**>2H), Aa

2 .7 0 (3 )

2 .3 6 (2 )

0, degb

89

31

(4-Nitropheny1 ) ( 2 ,2 -2H )acetic acid
v+ , kHz

130.5(5)

1 26.5(5)

v_, kHz

126.5(5)

123.5(5)

e 2qzz0/h , kHz

171.5(6)

166.7(12)

n

0.05 0 (2 )

0.036(15)

2 .5 7 (2 )

2 .4 6 (1 )
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52

d(0

2H), Aa

0, deg

(4-Brom ophenyl)(2,2-2H )acetic acid
+ »

kHz

v , kHz
_zQ/h, kHz
n
0,

degb

132.0(8)
128.0(8)
173.3(11)

128.0(8)
12 5 .0 (8 )
168.6(14)

0.04 6 (1 )

0 .0 4 2 (1 )

90°

30°

(4 -F lu orop h en yl)(2,2-2H )acetic acid
v+

strong 2H-2H coupling y ie ld in g

v_

complex m u ltip let pattern

e2qzzQ/h, kHz

171.3
60c

0, deg

171.3
60c

( 9 ,9 -2 H) Fluorene
kHz

131.3(20)
129.5(25)

e 2qzzQ/li, kHz

173.0(10)

n

0. 02( 1)

D istance frcm deuteron to n earest oxygen atom.
bQ i s the to rsio n angle between the hydroxyl oxygen and the deuteron as
defined in Figure 1.
cC rystallographic refinem ent in p rogress.
M u ltip let a n a ly sis in p rogress.
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H2( C2)

HI (C

Figure 3.4. Relative orientation of the carboxyl group and the CH2 unit of
(4-chlorophenyl) acetic acid. Viewed along the C^-C* bond.
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3.5.1. A bstract
The deuterium quadrupole coupling constant for the methyl group in acetic acid dimer
was calculated as a function of the torsion angle about the carbon-carbon bond. The results
show that when a deuteron approaches either of the negatively charged oxygen atoms, the
quadrupole coupling constant for the deuteron is reduced by as much as 4.2 kHz. Both the
calculated quadrupole coupling constant, e^qzzQ/h, and asymmetry parameter, 7], are
fitted with a Karplus-type equation: e^qzzQ/h= A - 0.5491 cos0 - 1.7859 cos20; r\ =
0.0491 + 0.0058 cos0 - 0.0081 cos20. Adiabatic demagnetization in the laboratory frame
spectroscopy at 77 K for (4-chlorophenyl)[2,2-^H2]acetic acid showed two inequivalent
deuteron sites that, on the basis of deuterium double transitions, are demonstrated to be due
to two deuterium sites bound to the same carbon atom. The solid-state structure of
(4—chlorophenyl)acetic acid was determined by single-crystal X-ray diffraction. The ADLF
and structural data for (4-chlorophenyl)[2,2-^H2]acetic acid were used to obtain a
preliminary value for the A parameter as 170.767 kHz.
3.5.2.

Introduction

Solid-state deuterium NMR spectroscopy is mainly used to study molecular motions1-7
but rarely to determine solid-state structures. There are relatively few methods for utilizing
solid-state deuterium NMR spectra to measure structural parameters. In 1964, Chiba
reported a correlation between deuterium quadrupole coupling constants and hydrogen
bond lengths between oxygen donors and acceptors.8 The deuterium asymmetry parameter
has also been used to assign distances in hydrogen bonds.9*10 This work has been
extended to include nitrogen donors and acceptors.11 However, there are no reported
correlations between carbon-bound deuterium quadrupole coupling constants and solidstate structural features. Herein, we report preliminary results for a Karplus-type
relationship12*13 for measuring torsion angles involving C-^H sites a to a carboxyl group.
This is the first report of an expression that allows one to convert solid-state deuterium
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NMR data into structural information for a C-^H bond adjacent to some functional group.
The possible areas of application are as varied as the current use of solid-state deuterium
NMR, ranging from polymers to biomaterials to surface-adsorbed species.
It is generally assumed that, in the aliphatic C-^H bond, there is a characteristic value
for the static deuterium quadrupole coupling constant. Furthermore, in the high-field solidstate deuterium NMR experiment, all observed reductions in the apparent quadrupole
coupling constant have been attributed to molecular motions that reorient the C-^H bond
with respect to the applied magnetic field. However, Hiyama et al. found that in
thyrmne-methyl-dj the methyl group deuteron resonances are affected by an adjacent
exocyclic oxygen atom.14 Also of note, the C^H2 units in succinic acid,15 a-glycine,16
and DL-serine17 have at least two distinct values for the deuterium quadrupole coupling
constant. In this work, we report the high-resolution adiabatic demagnetization in the
laboratory frame (ADLF) spectrum of (4-chlorophenyl) [2,2- ^ 2]acetic acid, which reveals
inequivalent deuterium sites. The origin of the inequivalency is traced to the carboxylic
oxygen atoms adjacent to the

unit.

In solid-state deuterium NMR spectroscopy, structural information comes about from
the fact that the deuterium NMR spectrum is determined by the electric field gradient at the
deuterium nuclear site. The electric field gradient is a tensor quantity with a trace of zero.18
In reports of solid-state deuterium NMR data, the common convention is to refer to an axis
system that diagonalizes the electric field gradient tensor, the largest diagonal element of the
tensor, eqzz, gives the quadrupole coupling constant, e^qzzQ/h.19 The quadrupole
coupling constant is a direct function of the charge distribution in the close vicinity of the
deuterium nucleus, as shown in equation 3.5.1.

1W
n

rn

\

{.

r(-

(3.5.1)
I
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Note that only occupied molecular orbitals, ignoring electron correlation, contribute to the
electric field gradient; the absence of contributions from excited states greatly simplifies the
calculations required to compute quadrupole coupling constants. This is in contrast to the
situation for chemical shift calculations. The other major elements of the electric field
gradient tensor, e q ^ and eq-yy, are obtained by a similar summation of neighboring
charge with a l/r^ distance dependence. Also specified in reports of solid-state deuterium
NMR spectra is the asymmetry parameter, 77, of the electric field gradient tensor, equation
3.5.2.

V = (e(Ixx ~ eqyy)leqzz

(3.5.2)

We note that C-^H bonds, with local axial symmetry, should have asymmetry parameters
close to zero.
This report consists of four components: (1) The results of an ab initio molecular
orbital calculation of acetic acid dimer, in which the methyl group orientation is varied with
respect to the oxygen atoms of the carboxylic group, are fitted to Karplus-type equations.
(2) A single-crystal X-ray diffraction experiment of (4-chlorophenyl)acetic acid shows two
distinct C-H sites a to the carboxyl group. (3) The ADLF spectrum of (4-chlorophenyl)[2,2-^H2]acetic acid shows two inequivalent deuterium sites. (4) Analysis of the ADLF
double transitions proves that the two inequivalent deuterium sites are bound to the same
carbon atom.

3.5.3.

M olecular O rb ital C alculations

The electric field gradient tensors at the methyl hydrogen sites in acetic acid were
obtained from ab initio molecular orbital calculations with the GAUSSIAN 82 program and a
6-31G** basis set.2®’21 In this work, we have taken the deuterium nuclear quadrupole
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moment as 2.86 x 10~27 cm222 xhe convention used herein for reporting the electric field
gradient is \qzz\ > \qyy\ > 1 ^ 1 .19 The acetic acid dimer geometry was taken from the
literature;23 all conformations of the dimer had at least a center of symmetry. As a brief
check of superposition error, some conformations of the dimer were studied with a 6 -3 1G
basis set, while some monomer conformations were examined with both 6 -3 1G and
6-31G** basis sets.24 Minor changes in the deuterium quadrupole coupling constant and
asymmetry parameter were found with the smaller basis set, but, most importantly, the
orientation of the electric field gradient tensor was not affected. No corrections were made
for vibrational effects that are expected to slightly reduce the magnitude of the electric field
gradient tensor elements.23

3.5.4.
3.5.4.1.

Experimental Section
Sample Preparation.

(4-Chlorophenyl)acetic acid (Aldrich, recrystallized from ethanol / water) was
deuteriated at the methylene site by refluxing in LiO^H / ^H2 0 for 6 days; the product was
isolated by neutralization with H2SO4 and recrystallization from 10% ethanol in water.
Integration of the solution

NMR spectra showed ~90% deuteriation at the methylene

site; no other sites were deuteriated.
3.5.4.2.

Crystallographic Work.

Crystals for X-ray crystallography were grown from a 1:1 mixture of ethanol/water
held at 5 °C for 2 weeks. Diffraction data were obtained on an Enraf-Nonius CAD4
diffractomer equipped with Cu K a radiation and a graphite monochromator. Experimental
parameters are given in Table 3.2. Data reduction included corrections for Lorentz,
polarization, background, and absorption effects. Absorption corrections were based on \\r
scans. The structure was solved by heavy-atom methods and refined by full-matrix least
squares based on F with weight to = cr2(F0) using Enraf-Nonius SDP programs.26 Non
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hydrogen atoms were treated anisotropically; hydrogen atoms were located in difference
maps and refined isotropically. Final R factors are given in Table 3.3; atomic positions are
listed in Table 3.4. Figure 3.7 shows the atom-labeling scheme. Bond distances and
angles are listed in Table 3.5.
3.5.4.3.

ADLF Spectroscopy.

The ADLF spectra of (4-chloropheny1)[2,2-^H2] acetic acid were obtained on a homebuilt spectrometer.27 The instrument consists of an IBM 9000 computer (68000 CPU, 1Mbyte RAM), a CAMAC crate holding 12 CAMAC modules, and a Novex wide-band
transceiver, preamplifier, and 15-MHz 400-W power amplifier. The computer controls the
CAMAC crate via an IEEE-488 bus using custom software composed of approximately
5000 lines written in Pascal. Special CAMAC modules include dual 20-MHz 8-bit
digitizers coupled to 24-bit by 8K signal averages, a home-made pulse programmer with
100-ns resolution and 1024 steps, and several interface boards that allow the computer to
control the amplitude and frequency of the zero-field rf irradiation .28 The high-field
magnet is a Varian XL100 electromagnet with a 0-120 A power supply. Both the highfield and zero-field rf coils along with the sample transport tube are mounted in a liquid
nitrogen Dewar. A region of zero-field or small applied magnetic field is maintained by a
Helmholtz coil. The zero-field is calibrated with a guassmeter and checked against the
deuterium ADLF spectrum of acetamide.29
All spectra were obtained at 77 K. The high-field strength was 0.3 T, corresponding to
a frequency of 15 MHz (^H). The 90° pulse length for *H was 4 p.s with a probe
ringdown time of approximately 10 |is. The signal was acquired with an Ostroff-Waugh
pulse sequence set to generate 128 spin echoes;28 each echo is individually digitized. The
zero-field rf amplitude was 0.034 G peak for single quantum spectra and 1.9 G peak for
the double-transition spectra.
The deuterium fine structure29-31'36 in the ADLF spectrum was analyzed with Ragle's
program.36 The electric field gradient tensor orientation with respect to the molecular
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coordinate system was taken from an acetic acid dimer calculation with a conformation set
to yield the same torsion angles as found in the crystal structure of (4-chlorophenyl)acetic
acid. The calculated electric field gradient tensor orientations were adjusted to give a righthanded coordinate system prior to using the Ragle program.

3.5.5

R esults an d Discussion

On the basis of the significant difference between the C l-O l and C l-0 2 bond
distances and on the correlation noted by Dieterich et al.,37 there appears to be little
crystallographic disorder of the type that would result in an interchange of C-OH and C=0
sites in the carboxyl group in (4-chlorophenyl)acetic acid. Thus, we conclude that 0 2 is
the hydroxyl oxygen site and O l the carbonyl. This assignment is supported by the
location and refinement of the acid H atom. When we assume tetrahedral geometry at C2,
the torsion angles shown in Figure 3.7 are related by an angle of 120° to the
02-C 1-C 2-C 3 torsion angle, 150.6(2)°. Figure 3.8 shows a portion of the
CH2(C6H4C1) unit viewed along the C2-C1 bond and the torsion angles for the two
inequivalent methylene hydrogen atoms.
The calculated deuterium quadrupole coupling constant and asymmetry parameters for
an acetic acid dimer are shown in Figure 3.9. To minimize the basis set dependence, the
acetic acid results are plotted as the change in the deuterium quadrupole coupling constant.
The reference value (e^qzzQ/h= 218.2 kHz) is for a deuterium site rotated so as to give
maximum distance from the oxygen atoms to the deuterium site and corresponds to a
torsion angle, 0, of 90°. We note that there is a large variation in AP-qzzQlh with rotation
angle; it reaches a maximum of -4.2 kHz for a deuteron at closest approach to the hydroxyl
oxygen site, 0 = 0°. The points shown in Figure 3.9 were fitted by Karplus-type equations
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to give equations 3.5.3 and 3.5.4. Because of the tendency
e2qzzQlh = A - 0.5491 cos0 - 1.7859 cos20

(3.5.3)

77 = 0.0491 + 0.0058 cos0 - 0.0081 cos20

(3.5.4)

for calculated deuterium quadrupole coupling constants to be larger than experimental
values,9*38*39 the A parameter of equation 3.5.3 will be determined by use of
experimentally derived deuterium quadrupole coupling constants.
On the basis of the torsion angles shown in Figure 3.8 and on the Karplus-type
equation, equation 3.5.3, for predicting the deuterium quadrupole coupling constant, the
high resolution, zero-field ADLF spectrum of (4-chlorophenyl) [ 2 ,2 - ^ 2] acetic acid should
show two different sets of deuterium v_ and v+ transitions. While four transitions are
indeed observed, as shown in Figure 3.10, the assignment is not straightforward. The
methods used for spectral interpretation are similar to those applied to other coupled
deuterium spin systems: (1) Zeeman-perturbed ADLF spectroscopy and (2) analysis of the
deuterium-deuterium induced fine structure and double transitions. Application of small
magnetic fields causes the v_ and v+ transitions to be asymmetrically broadened in a
characteristic fashion; the v_ transition is broadened to lower frequency, the v+ to higher
frequency.40 By this technique, the peaks at 125.0 (7) and 129.0 (7) kHz are identified as
the v_ transitions and the ones at 127.0 (7) and 132.0 (7) kHz as the v+ transitions.
Observation of deuterium-deuterium dipolar coupling induced fine structure and double
transitions were used to assign the v_ transition of a deuteron to its corresponding v+
transition. Figure 3.11 shows the observed double-transition spectrum together with the
calculated transition frequencies and relative intensities.29*31'36 The fine structure shown
in Figure 3.10 (top trace) contributes to the rather large line width, Av ~ 1.5 kHz, in the
0-G spectrum. The observation of double transitions conclusively shows that the two
deuterium sites are in close proximity, less than several angstroms from each other. Also,
the form of the double-transition spectrum is incompatible with other possible explanations
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for two distinct deuterium sites, for instance, two crystallographic modifications of
(4-chlorophenyl)acetic acid.
The deuterium ADLF spectroscopy and structural data for (4-chlorophenyl)[2,2acetic acid are summarized in Table 3.6. The assignment of the site with the larger
value of the deuterium quadrupole coupling constant to the deuteron with a torsion angle of
89° is based upon the Karplus-type relationship given in equation 3.5.3. The “C-^H
distant” from an oxygen atom site has a value of the deuterium quadrupole coupling
constant that is similar to values found in simple hydrocarbons. For comparison, the
C2H2 unit in [9,9-^H2]fluorene has a deuterium quadrupole coupling constant of 173(1)
kHz.41
In the foregoing analysis, the effect of the phenyl substituent on the 0 ^ 2 unit has
been ignored. This approach is justified on two counts: First, molecular orbital calculations
of toluene have shown that there is only a small perturbation of the aliphatic C-^H bonds
that is caused by the aromatic 7t-electrons or the ortho hydrogens.14 Second, in
(4—chlorophenyl)acetic acid, the C1-C2-C3-C4 torsion angle is 94.8 (3)°. This angle is
very close to 90°, an orientation that places both methylene hydrogens in equivalent
positions with respect to the phenyl ring.
The ADLF and structural data for (4-chlorophenyl)[2,2-2H2]acetic acid were used to
obtain a preliminary value for the A parameter of equation 3.5.3 as 170.767 kHz. All
values of the parameters obtained from the acetic acid calculations should be regarded as
f

preliminary until confirmed by experiment as inductive effects from substituents and steric
effects may modify the results.

3.5.6.

C onclusions

Neighboring oxygen atoms can affect the deuterium quadrupole coupling constant of
C-^H bonds. In acetic acid and substituted acetic acids, the magnitude of the effect is
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related to the ^H-C-C-OH torsion angle. A Karplus-type equation fits the calculated
values well.
In summary, the oxygen-perturbed C-^H site has a substantially different quadrupole
coupling constant than do unperturbed G-^H sites. As noted by Hiyama et al.14
neighboring oxygen atoms have an unexpected effect on the solid-state deuterium NMR
spectrum of deuteriated methyl groups. This work provides further confirmation of their
report.
The fact that the calculated deuterium quadrupole coupling constants and asymmetry
parameters of acetic acid dimer can be fitted by a Karplus-type equation is very interesting.
Heretofore, there were no reported methods for correlating deuterium quadrupole coupling
constants with solid-state structural features. Further work is now in progress to refine
experimental values for the parameters A, B, and C. It should be straightforward to
extend the method to other functional groups, for example, esters, ketones, and sulfones.

3.5.7.
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Figure 3.7. ORTEP drawing of (4-chlorophenyl)acetic acid dimer showing the
atom-labeling scheme.
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Figure 3.8. Relative orientation of the carboxyl acid group and the CH2 unit of (4chlorphenyl)acetic acid. Viewed along the
carbon, C l, is hidden from view by C2.
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Figure 3.9. Calculated deuterium quadrupole coupling constants and asymmetry
parameters for acetic acid dimer as a function of the ^H-C-C-OH
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are based on the Karplus-type equations, eqs. 3 and 4, given in the
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Figure 3.10. Deuterium ADLF spectra of (4-chlorophenyl)(2,2,-2H2)acetic acid
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calculated fine structure for a C^H2 unit. Initial assignment of
transitions based upon frequency shifts caused by a small applied
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Table 3.2. Crystal and Refinement data for (4-Chlorophenyl)acetic Acid.
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Table 3.4. Atomic Coordinates and Equivalent Isotropic Thermal
Parameters for (4-Chlorophenyl)acetic acid.a

A tom

x

y

z

B(

k 2)

6 .8 2 (2 )

C ll

0 .5 5 7 3 3 (4 )

0 .0 7 1 1 (2 )

01

0 .8 9 3 3 (1 )

0 .4 7 8 2 (5 )

-0 .0 0 1 9 (2 )

6 .6 7 (4 )

02

0 .9 9 6 5 (1 )

0 .7 8 2 7 (5 )

0 .1 0 5 7 (2 )

7 .7 5 (5 )

Cl

0 .9 1 5 7 (1 )

0 .6 7 9 0 (5 )

0 .0 6 9 7 (2 )

4 .9 0 (4 )

C2

0 .8 5 0 7 (2 )

0 .8 3 3 8 (6 )

0 .1 2 0 1 (2 )

6 .0 6 (6 )

C3

0 .7 7 6 5 (1 )

0 .6 4 4 4 (5 )

0 .1 3 3 6 (2 )

4 .6 7 (4 )

C4

0 .7 8 5 1 (2 )

0 .5 1 1 0 (6 )

0 .2 4 4 4 (2 )

5 .4 1 (5 )

C5

0 .7 1 9 0 (2 )

0 .3 3 7 0 (6 )

0 .2 6 0 4 (2 )

5 .5 4 (5 )

C6

0 .6 4 1 6 (1 )

0 .2 8 9 1 (5 )

0 .1 6 2 8 (2 )

4 .6 9 (4 )

C7

0 .6 3 1 1 (2 )

0 .4 1 8 4 (6 )

0 .0 5 1 5 (2 )

5 .2 1 (5 )

C8

0 .6 9 8 0 (2 )

0 .5 9 3 8 (5 )

0 .0 3 7 8 (2 )

5 .1 1 (5 )

H (02)

1 .0 2 8 (2 )

0 .7 0 (1 )

0 .0 6 9 (3 )

H 1(C 2)

0 .8 2 7 (3 )

0 .9 8 4 (8 )

0 .0 6 1 (3 )

10 (1 )

H 2(C 2)

0 .8 8 4 (2 )

0 .9 2 6 (6 )

0 .1 9 1 (2 )

4 .4 (6 )

H4

0 .8 3 7 (2 )

0 .5 5 0 (6 )

0 .3 0 8 (2 )

5 .1 (7 )

H5

0 .7 2 5 (2 )

0 .2 6 4 (7 )

0 .3 3 4 (2 )

4 .2 (6 )

H7

0 .5 7 4 (2 )

0 .3 9 0 (6 )

-0 .0 0 8 (2 )

4 .1 (6 )

H8

0 .6 9 0 (2 )

0 .6 8 5 (7 )

-0 .0 4 1 (2 )

4 .0 (6 )

a H ydrogen

atom s

^The e q u iv a le n t

r efin e d

4
2
g[a B ^

2
+ b Bgg

is
+ c

th erm al p a r a m e te r ,

d e fin e d
2

■

8(1)

iso tr o p ic a lly .

iso tr o p ic

a n iso tr o p ic a lly ,

0 .1 8 3 5 3 (5 )

B ^

by

th e

fo r

atom s

r e fin e d

e q u a tio n :

+ abB ^ cosy

+ a c B ^ c o s 3 + bcBggCO Sa]
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Table 3.5. Bond Distances and Angles in (4-Chlorophenyl)acetic Acid.

D ista n c e s

A n g le s

(A )

(d eg )

C ll

- C6

1 .7 3 4 (1 )

Cl -

02

-

H (02)

1 10(2)

01

- Cl

1 .2 1 8 (2 )

01

-

Cl

-

02

1 2 2 .8 (1 )

02

-

Cl

1 .2 8 9 (2 )

01

-

Cl -

C2

1 2 2 .9 (1 )

02

-

H (02)

0 .8 4 (3 )

02

-

Cl

-

C2

1 1 4 .3 (2 )

Cl

-

C2

1 .5 0 4 (2 )

Cl

-

C2 -

C3

1 1 3 .8 (2 )

C2 -

C3

1 .4 9 9 (2 )

Cl

-

C2 -

H 1(C 2)

103(2)

C2 -

H 1(C 2)

0 .9 6 (3 )

Cl

-

C2 -

H 2(C 2)

1 07(1)

C2 -

H 2(C 2)

0 .9 2 (2 )

C3 -

C2 -

H 1(C 2)

111(2)

C3 -

C4

1 .3 9 1 (2 )

C3 -

C2 -

H 2(C 2)

115(1)

C3

-

C8

1 .3 8 7 (2 )

H 1(C 2)

C4 -

C5

1 .3 6 8 (2 )

C2 -

C3 -

C4

1 2 0 .3 (2 )

C4 -

H4

0 .9 2 (2 )

C2 -

C3 -

C8

1 2 2 .1 (1 )

C5 -

C6

1 .3 8 4 (2 )

C4 -

C3 -

C8

1 1 7 .6 (1 )

C5 -

H5

0 .8 9 (2 )

C3 -

C4 -

C5

1 2 2 .0 (2 )

C6 -

C7

1 .3 8 2 (2 )

C3 -

C4 -

H4

117(1)

C7 -

C8

1 .3 7 2 (2 )

C5

C4

-

H4

1 2 1 (1 )

C7 -

H7

0 .9 4 (2 )

C 4 - -C5 -

C6

1 1 8 .9 (1 )

C8

H8

0 .9 8 (2 )

C4 -

C5

-

H5

120(1)

C6 -

C5 -

H5

1 21(1)

-

-

-

C2 -

H 2(C 2)

1 06(2)

C ll

-

06

-

C5

1 1 8 .9 (2 )

C ll

-

06

-

C7

1 2 0 .7 (1 )

C5 -

06

-

C7

1 2 0 .4 (2 )

C6 -

C7 -

C8

1 1 9 .6 (1 )

C6 -

C7 -

H7

115(1)

C8 -

C7 -

H7

125(1)

C3 -

C8 -

C7

1 2 1 .3 (1 )

C3 -

C8 -

H8

119(1)

C7 -

C8 -

H8

120(1)
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Table 3.6. Deuterium Quadrupole Coupling Constants, Asymmetry Parameters, and
Structural Data for (4-Chlorophenyl) [2,2-2H2] acetic Acid.

d(0 ...2H),a A
6,b deg

C -2H distant

C -2H near

2.70(3)

2.36(2)

89

31

v+

132.0(7)

127.0(7)

v_

129.0(7)

125.0(7)

e^qzzQlh, kHz

174.0(9)

168.0(9)

V

0.034(16)

0.024(17)

a Distance from deuteron to nearest oxygen atom. ^ 0 is the torsion angle between the hydroxyl oxygen
and the deuteron as defined in Figures 3.8 and 3.9.
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4.1.

Abstract

A novel approach for observing torsion angles in solids with applications to amorphous
materials has been developed. The quadrupole coupling constants for deuterium sites on
the carbon alpha to the carboxylic acid group of substituted arylacetic acids are obtained
from adiabatic demagnetization in the laboratory frame (ADLF) spectroscopy, a technique
which yields more accurate deuterium quadrupole coupling constants than conventional
solid-state deuterium NMR spectroscopy. Inequalivent deuterium sites at the alpha carbon
have been found. From the X-ray analysis work, torsion angles have been defined for the
C-^H sites with respect to the carboxyl oxygens and ring carbons. The quadrupole
coupling constants and torsion angles, ^H-Caipha-Cadd-OH (0) and Cortho’Cring'
Calpha'Qcid (0) have been fitted to a modified Karplus-type equation and plotted on a
three dimensional graph. Based on the deuterium spectroscopy and the modified Karplustype relationship, the solid-state molecular conformations of phenylacetic acid has been
predicted.
4.2.

Introduction

Determination of the structures of polymers is an important key to understanding their
function and macroscopic properties. Torsion angles formed by backbone atoms and their
relationship to pendant groups or cross linkages determine the utility of the polymers.
Many techniques have been employed to gain information concerning these torsion angles.
Raman spectral analysis has been applied to polynucleotides using X-ray analysis of
mononucleotides as standards. 1 Solution 2D NMR spectroscopy has been used to probe
the helical conformations of polypeptides.^ Circular dichroism has been used observe the
3
effect of pendant group structure on the torsion angles of polyisocyanides. FTIR
spectroscopy has been employed in the study of chain conformation changes induced by
such treatments as annealing, stretching or quenching A Electrochemical experiments have
been performed on conducting polymers such as polypyrrole using ionization potentials
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and band gap properties to examine how the presence of a torsion angle between adjacent
rings along the chains affects the ground-state electronic p r o p e r t i e s .
High-field, solid-state *H, 2H, and

NMR spectroscopic techniques have been

utilized extensively to study molecular motions and structures in polymers.6 Carbon-13
CP/MAS NMR spectroscopy has been employed to infer torsion angles by comparison of
the chemical shifts of known structures to those of polymers with unknown
conformations7 Deuterium powder patterns have been used to observe methyl rotations,
trans-gauche interconversions, and ring flips in polymers.^ In this ongoing project, we
seek a site specific observable that is strongly correlated with a selected torsion angle in an
amorphous system.
In these laboratories work with a solid-state deuterium NMR technique, high resolution
adiabatic demagnetization in the laboratory frame (ADLF) spectroscopy, has been used to
study solid state structural features by examining C-2H sites 9-11 and correlating the
deuterium quadrupole coupling constant to a related torsion angle with a Karplus-type
r e la tio n s h ip .

12>13 Herein, we report the torsion angles and the deuterium quadrupole

coupling constants involving the C-2H sites alpha to the carboxyl group in substituted
arylacetic acids. These acids form centrosymmetric dimers, Figure 4.1, with a single
unique molecule in the asymmetric cell, a feature which simplifies the spectroscopic
analysis and has facilitated the development of this analytical method. ADLF spectroscopy
is used because accurate values of the deuterium quadrupole coupling constant can be
obtained from multiple sites in an amorphous solid. The deuterium quadrupole coupling
constant is modeled with a relationship that resembles the Karplus equation used in solution
*H NMR spectroscopy:
e2qzzQ/h = A + B cos(0) + C cos(20) + D cos(<|>)
where 0 is the ^-C aipha-C acid-X and <J) is the Cortho-Cring-Caipha-Cacid torsion
angles to be measured.

(1)
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This report consists of three components: (1) The single crystal X-ray diffraction
results for arylacetic acids that yield the two torsion angles describing the structure about
the C-H sites alpha to the carboxyl group. (2) The ADLF spectral data and the resulting
quadrupole coupling constants of the selectively deuteriated arylacetic acids. (3) The
fitting of the spectral results of arylacetic acids to a Karplus-type relationship.
4.3.

Theory

In solid-state deuterium NMR and ADLF spectroscopy, structural information comes
about from the fact that the deuterium NMR spectrum is determined by the electric field
gradient at the deuterium nuclear site. The deuterium nucleus, with spin equal to one has a
nuclear electric quadrupole moment, Q, which in the presence of an electric field gradient
gives rise to a quadrupole coupling constant, e2qzzQ/h,14 The quadrupole coupling
constant is a composite of e q ^ , the electric field gradient along the z direction (in the
principal axis system), e, the electrostatic charge, Q, the nuclear electric quadrupole
moment, and h, Planck's constant. The quadrupole coupling constant is a measure of the
electronic and nuclear charge distribution around the deuterium nucleus. The other measure
of the electric field gradient, the asymmetiy parameter, rj
n = = q H

^

(2)

where leq77l>leqyyl>leqYYl, represents the deviation from axial symmetry; a value of zero
indicates at least three-fold symmetry. C-^H bonds, with local axial symmetry, should
have asymmetry parameters close to zero.
4.4.

Experimental Section

4.4.1.

Sample Preparation. The arylacetic acids (Aldrich, Lancaster Synthesis)

were all suitably pure for direct use in the deuteriation step. These compounds were
deuteriated at the alpha site by refluxing in LiOH /

for one to six days.

2,2-Diphenylacetic acid and 2,2-bis(4-chlorophenyl)acetic acid gave poor yields in LiOH /
2 ^ 0 alone; dry dioxane/ 2 ^ 0 (1/5) was used to make a solution. To prepare
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2-(l-naphthyl)[2,2-2H2]acetic acid, the mixture was heated in a glass ampule for 4 h at
155 °C. All products were isolated by neutralization with H2SO4 and recrystallization
from ethanol / water solutions. The percent deuteriation at the alpha site was determined
from the solution

NMR spectrum (CCI4). The calculated percentages were:

2-(4-bromophenyl)[2,2-2H2]acetic acid, 73 %; 2-(4-chlorophenyl)[2,2-2H2]acetic acid,
93 %; 2,2-bis(4-chlorophenyl)[2-2h]acetic acid, 80 %; 2,2-diphenyl[2,-2H]acetic acid,
40 %; 2-(4-fluorophenyl)[2,2-2H2]acetic acid, 85 %; 2-(1 -naphthy 1)[2,2-2H2]acetic acid,
100 %; 2-(2-naphthyl)[2,2-2H2]acetic acid, 40 %; and 2-(4-nitrophenyl)[2,2-2H2]acetic
acid, 100 %; 2-phenyl[2,2-2H2]acetic acid, 96 %. Solution 2 h NMR spectra (CCI4)
showed that no other sites were deuteriated.
4.4.2.

Crystallographic Work: Crystals for X-ray crystallography were grown

as follows: 2-(4-bromophenyl)acetic acid, 2-(4-chlorophenyl)acetic acid, and 2-(lnaphthyl)acetic acid from ethanol / water solutions; 2-(4-fluorophenyl)acetic acid from
ethanol / hexane; 2-(4-nitrophenyl)acetic acid from water, 2-(2-naphthyl)acetic acid and
2,2-diphenylacetic acid from carbon tetrachloride. Diffraction data were obtained on an
Enraf-Nonius CAD4 diffractometer equipped with Cu K a or Mo K a radiation and a
graphite monochromator. Experimental parameters are given in Table 4.1. Data reduction
included corrections for Lorentz, polarization, background, and absorption effects.
Absorption corrections were based on \|/ scans. The 2-(4-bromophenyl)acetic acid
structure was determined by heavy atom methods, the remaining structures were
determined by direct m

e th o d s ^

and all were refined by full-matrix least squares based on

X w ( | F01- 1Fc| ) 2 with weight w = a - ^(F0) using the Enraf-Nonius SDP p r o g r a m

s.

*6

Nonhydrogen atoms were treated anisotropically; hydrogen atoms were located in
difference maps and fixed or refined isotropically. Final R values are given in Table 4.1;
atomic positions are listed in Table 4.2a-f, see Appendix 1. Figure 4.2 shows the atom
labeling scheme for the three different types of substituted arylacetic acids studied; a)
phenyl, b) diphenyl, and c) naphthyl.
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The structural determination of 2-(l-naphthyl)acetic acid was a redetermination. ^ The
original data consisting of 776 reflections, were refined to an R = 0.129 from film data.
This determination, based on 1004 observed reflections, was refined to an R = 0.045.
2,2-Diphenylacetic acid was examined both at 297 and 125 K. The diffraction data for the
125 K experiment are included here. The unit cell contracted at the lower temperature but
the space group did not change. No structure of 2-phenylacetic acid was determined
because its crystals gave a weak diffuse diffraction pattern both at 297 and 125 K. 2-(4Fluorophenyl)acetic acid has high thermal motion both in the fluorine atom and the carbon
atoms. Only the acid hydrogen was refined, all other hydrogen atoms had to be fixed on
this structure. X-ray data show the alpha hydrogens to be in equivalent positions with
respect to the hydroxyl oxygen. X-ray powder pattern analyses confirm the single crystal
findings for 2-(4-fluorophenyl)acetic acid.
4.4.3.

Torsion Angles 0 and <j). In this work two torsion angles are used to

describe the relevant angles between the alpha deuterons and the carboxyl oxygens and
between the alpha carbon and the ring.
With the assumption of tetrahedral bonding geometry about C ^pj^, the first torsion
angle, 0, is defined by ^H-Cajpha-Cacid'OH. Since the average deviation of from the
bond angle Cring-Caipha'Cacid *n t^ie compounds examined here is less than 5° from ideal
tetrahedral geometry, the assumption is justified. Because of the geometry about the
carboxylic group in arylacetic acids, 0 conveniently describes the relative orientation of the
deuteron with respect to the hydroxyl oxygen. The hydroxyl site, 0 2 , was chosen
preferentially for 0 because it gave the largest variation in A e^q^Q/h.H On the basis of
the significant difference between the Cacy -C = 0 and Cacj(j-OH bond distances and on the
correlation noted by Dieterich et al, *8 there appears to be little crystallographic disorder of
the type that would result in an interchange of C-OH and C=0 sites in the carboxyl group
in these arylacetic acids. Location and refinement of the acid hydrogen atom also supports
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the assignment of 0 2 as the hydroxyl site. Due to the low scattering factors for hydrogen,
the ^H-Caipha-Cacid'OH torsion angle is computed from the Cring-Caipha-Cacid‘OH
torsion angle. For an example, Figure 4.3 shows a portion of 2-(2-naphthyl)acetic acid
viewed along the Caipha'Cacid bond, and the torsion angles for the two inequivalent alpha
hydrogen atoms. If tetrahedral bonding geometry is assumed at Caipha> then the torsion
angles shown in Figure 4.4 are related by an angle of 120° to the Cnng'Calpha'C-acid'OH
torsion angle. The values obtained for each acid are listed as 0 in Table 4.3.
The other torsion angle, <)), is defined as Co^Q-Cring-Caipha-Cacid, Table 4.3. With
the introduction of a second torsion angle the sign of the torsion angle becomes important
in order to distinguish among molecular conformers. The sign of the torsion angle A-B-CD is defined as positive if, when viewed along the B-C bond, atom A must be rotated
clockwise to eclipse atom D,19 Figure 4.4. If hydrogens H(A) and H(B) are not equiva
lent, the two hydrogen sites are related by 0(A) + 0(B) = 120° and <()(A) + <|)(B) = 180°.
There are several conformations of arylacetic acids molecules for which H(A) and H(B) are
related by mirror planes; these orientations correspond to 0 = 60° or -120° and <}>= 0°, 90°,
or 180°.
4.4.4. ADLF Spectroscopy.

The spectra for this study were obtained on a home-

built ADLF spectrometer^ using a Varian XL100 electromagnet operating at 0.3 T and
controlled by a Macintosh II computer using software written in the Lab VIEW
programming language.21>22 a schematic diagram of the instrument is shown in Figure
4.5. All spectral data are obtained with the sample immersed in a liquid nitrogen Dewar.
ADLF spectroscopy is a double resonance field cycling technique; the sample is moved in
and out of the magnetic field with an air piston. The proton 90° pulse length was 4 |is with
a probe ringdown time of approximately 10 p.s. The signal was acquired with an OstroffWaugh pulse sequence set to generate 128 spin echoes,23 each echo individually digitized.
The zero-field rf amplitude is 0.034 G peak for single quantum spectra and 1.9 G peak for
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the double-transition spectra.
Spectra are obtained using a three step process as shown in Figure 4.6. The sample is
placed in a region of high magnetic field for a time comparable to the proton spin-lattice
relaxation time, T

where the proton spin is polarized. Then the sample is transported to a

region of zero magnetic field; cross polarization between the proton and deutexium spin
systems occurs when the two spin systems have the same energy, typically at an inter
mediate magnetic field strength on the order of 100 G. If while the sample is in zero field,
the rf search frequency corresponds to a zero-field deuterium transition, the deuterium spin
system will absorb rf energy and saturate the polarization associated with a pair of deuter
ium spin states. When the sample is transferred back to high field, the deuterium spin
system will exchange magnetization with the proton spin system. Any loss of deuterium
polarization in zero field will lead to a reduction of proton polarization in high field. After
the sample has returned to high field, the proton polarization is measured with an OstroffWaugh pulse sequence. This completes the cycle required for a single point in the zerofield deuterium spectrum. The zero-field rf irradiation system is returned to the next
frequency and the next cycle begins. As the rf search frequency is varied, typically from
110 to 145 kHz, different amounts of energy will be absorbed from the rf zero field
irradiation by the deuterium spin system and transferred to the proton system. The
resulting zero field deuterium spectrum is a composite of many field cycles at different rf
search frequencies.
Since deuterium is an S = 1 system, it has three allowed zero field transitions. In this
frequency range, two absorptions, v_ and v+> from the I0> to 1-1> and I0> to 1+1> energy
levels respectively are observed for each deuteron on the methylene carbon, Figure 4.7.
The quadrupole coupling constant and asymmetry parameter are given by

^ 2

= |( v . + v + )

■n = - ^ - ( v+ - v-)

(3)
(4)
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The spectrum of 2-(phenyl)[2,2-^H2]acetic acid showing the v. and v+ transitions for
each deuteron is shown in Figure 4.8a. A single double transition spectrum, Figure 4.8b,
proves that both deuterons are on one carbon atom. For the molecules studied here, there
was a minor problem with overlapping transitions from two inequivalent deuterium sites.
Two methods were employed to assign peaks as v. and v+ and to pairwise relate v. and v+
transitions. First, the application of a small magnetic field during the zero field rf search
frequency irradiation shifts the v+ and v_ transition to high and lower frequencies
respectively. 11.24,25 Second, pairwise assignment of v. and v+ transitions in C-2H2
units were done with the observation of double transitions near the sum of the two v+
transitions. 11 >24,25 \y e note here that observation of a double transition is crucial to
establishing that two spectroscopically inequivalent deuterons are indeed bound to the same
carbon atom.
4.5.

Results and Discussion

When this phase of the project was begun, a Karplus-type relationship existed for
correlating the ^H-Cajpha'Cacid'OH torsion angle with the value of the deuterium
quadrupole coupling constant. The parameters, A, B, C, of equation 1 had been
determined by a combination of molecular orbital calculations (B), and ADLF spectroscopy
combined with single crystal X-ray analysis of model systems (A, C) and are given here
e2qzzQ/h = 170.3(3) - 0.5491 cos(6) - 2.6(4) cos(20)

(5)

Omitted from equation 5 is any affect on the deuterium quadrupole coupling constant that
may be due to the aromatic ring bound to the alpha carbon. In the preceding paper, the
effect due to the ortho hydrogen and ortho carbon near a C-2h site was studied using
molecular orbital methods. A modified Karplus-type relationship was derived having the
form
e2qzZQ/h(calc) = A - 0.0323 cos(6) - 1.7097 cos(20) - 0.628 sin(2<|>)

(6)

where the torsion angle § describes the orientation of the phenyl ring with respect to the
carboxylic group, as shown in Figures 4.4,4.9,4.10. The objective of this work is to
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compare the two forms of the Karplus-type relationship and determine which offers the
best route to determining conformations from the values of the deuterium coupling
constants.
ADLF spectra were obtained for nine arylacetic acids; both single and double transitions
were observed. Quadrupole coupling constants and asymmetry parameters are listed in
Table 4.3. Single crystal X-ray analyses were performed on six compounds; the structure
of one molecule was obtained from the literature. Pertinent aspects of the molecular
geometry are listed in Table 4.3. The assignment of the "Distant" and "Near" in Table 4.3
is based on the results of molecular orbital calculation of acetic acid dimer (6-31G** basis
set level) 11 and phenylacetic acid monomer (6-31G basis set l e v e l ) . 2 6
2-(4-Fluorophenyl)[2,2-2H2]acetic acid gave a complex ADLF spectrum that suggests
several crystalline forms of the compound can exist at low temperatures and was not
plotted. X-ray data calculations show the two deuterons to be at equivalent positions with
respect to the hydroxyl oxygen. A complex multiplet can be expected if 0 = ± 60°.25
However, the double transition spectrum has several peaks instead of the predicted one.
This compound is under further investigation.
A graph of the calculated deuterium quadrupole coupling constants versus the torsion
angle, 0, is shown in Figure 4.11. The trace is the Karplus-type relationship, equation 5.
The graphed compounds in Figure 4.11 fall into two groups; 2-(4-chlorophenyl)
[2,2-2H2]acetic acid, 2-(4-bromophenyl)[2,2-2H2]acetic acid, 2-(2-naphthyl)
[2,2-2H2]acetic acid, and 2,2-bis(4-chlorophenyl)[2-2H] acetic acid follow the trace,
however, 2-(4-nitrophenyl)[2,2-2H2]acetic acid, 2-( 1-naphthyl)[2 ,2 -2 ^ ]acetic acid, and
2,2-(diphenyl)[2-2H]acetic acid fall below the trace. There is a very interesting geometric
feature that separates the two groups; the orientation of the aromatic ring with regard to the
C-^H unit. The data points near the trace correspond to molecules which have deuterons
positioned about equidistant from the ring carbons, Figure 4.9. Those data points below
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the line have inequivalent deuteron positions with respect to the ring, Figure 4.10.
The effect of phenyl ring orientation is correlated with close approach of the ortho
hydrogen and ortho carbon sites. The sources have been traced to the partially shielded
nuclear charge of the ortho hydrogen and the ortho carbon atoms. A sin (2(j)) function is
added to the original Karplus-type relationship to give equation 6 listed above. At this
point, values for the four parameters, A, B, C, and D, must be obtained. The A, C, and D
parameters were derived from experimental results. The B parameter is taken from the
results of GAUSSIAN 82 molecular orbital calculations of the acetic acid dimer. 11 The
experimental determination of B will require the study of arylacetic acid with 0 > 90°; such
structures have not be found. The C parameter is from the best fit of equation 5 for
arylacetic acids with <|>near 90°.24 The A and D parameters are obtained by fitting equation
6 to the data in Table 4.3. Thus, we have
e2qzzQ/h(exp) = 169.4(3) -0.5491 cos(0) - 2.6(4) cos(20) - 1.2918(5) sin(2<t>) (7)
The chi-square value for the experimental data modeled by equation 7 is large, 21. This is
probably due to close approach of the other nuclei to the C-^H sites; such intermolecular
interactions are not included in equation 7 and therefore, deviations are expected. An
example of intermolecular interactions not modeled by equation 7 is 2-(4-nitrophenyl)
[2,2-2H2]acetic acid. Here, one C-^H site is near not only the hydroxyl oxygen of its
own molecule, d(OH—^H) = 2.57(2) A, but also a hydroxyl oxygen of a neighboring
molecule, d(OH—2H) = 2.49(2) A.27 Putting aside the problem associated with
intermolecular interactions, we proceed now to the assessment of the modified Karplustype relationship, equation 7.
The contour graph generated from equation 7 is shown in Figure 4.12. Based on our
torsion angle assignments and the constraints of the sum rules: 0(A) + 0(B) = 120° and
<{>(A) + <J)(B) = 180°. At 0 = 60° and <j) = 90°, a mirror plane bisects the CH2 unit and the
two sites, labeled "Distant" and "Near" in Table 4.3, are equivalent and should have equal
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values for the deuterium quadrupole coupling constant. This contour plot which shows the
quadrupole coupling constant as a function of 0 and (j) is still a rough model. A better fit
will be obtained as more experimental research is done and calculations are made.
2,2-Bis(4-chlorophenyl)acetic acid and 2,2-(diphenyl)acetic acid were excluded from this
refinement of the of the Karplus coefficients as the contributions from their two ting system
has not yet been studied.
To use Figure 4.12 for predicting 0 and 0 for each deuteron, reflect an experimentally
generated quadrupole coupling constant trace (heavy solid line) through the center of the
graph, 0 = 60° and (j) = 90°, with equidistant points and superimpose it on the other curve,
where the reflected trace (dashed line) crosses the experimentally generated projection are
the predicted the 0 and <j) values. Repeat this operation for the other experimental contour
to obtain the 0 and 0 for the other deuteron. For example the ADLF spectra of 2-phenyl[2,2-2H2]acetic acid clearly show two inequivalent deuterons at Cajpha, 172.3(7) kHz for
the "Distant" and 166.7(7) kHz for the "Near" deuteron, by employing the definitions
0(A) + 0(B) = 120° and 0(A) + 0(B) = 180°, we predict 0 = 95° and 0 = 95° for the
"Distant" and 0 = 25° and 0 = 85° for the "Near" deuteron, see Figure 4.12.
4.6.

C onclusion

High-resolution ADLF spectra of eight polycrystalline model compounds have been
obtained and their quadrupole coupling constants calculated. X-ray data from these
compounds have have been used to calculate torsion angles. The Kaiplus equation, a
method of examining three bond solution NMR relationships, H-C-C-H, has been adapted
for use in solid-state zero-field deuterium NMR spectroscopy through the ^H-C-C-OH
torsion angle. These data have been fitted into the Karplus-type relationship and A, B,C
and D parameters obtained.
The effect of the aromatic ring carbons on the alpha C-^H sites has also been examined.
Although some distortion can be explained by crystal packing forces, up to 3 kHz, which
could contribute to lowering some compounds fit to the curve. The ring effect was fitted to
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a contour plot, and the deviation from the experimental and calculated quadrupole coupling
constants tabulated. Further studies in these laboratories will examine those compounds
with low correlation. At this time 125 K is the lower temperature limit on our X-ray
equipment, yet ADLF spectroscopy is performed at 77 K. Crystallographic structure
modification may be a factor at this low temperature.
Neighboring oxygen atoms do affect the deuterium quadrupole coupling constant of
C-^H bonds. In acetic acid and arylacetic acids, the magnitude of this effect is related to
the carbon-carbon torsion angles. In each case the distant C-^H site has a different
quadrupole coupling constant and asymmetry parameter from the near C-^H site.
The 0 and <|) torsion angles have been predicted for 2-phenylacetic acid using this
Karplus-type correlation.
We are expect this work can be extended to observing amorphous materials with
^H-C-C-X torsion angles, i. e. ester, ketones, and sulfones.
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alpha

hydroxyl

"-carbonyl

Figure 4.1.

ORTEP drawing of the 2-(2-naphthyl)acetic acid dimer showing the

centrosymmetric dimer formed by all the arylacetic acids studied.
The inversion center, o, pertinent atoms and angles are marked.
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Figure 4.2.

ORTEP

drawings of the three different types of arylacetic acids studied

showing their atom-labeling schemes; a) 2-(4-bromophenyl)acetic acid,
b) 2-(2-naphthyl)acetic acid, c) 2,2-diphenylacetic acid.
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77

C ll

163

C3

Figure 4.3. The relative orientation of the carboxyl acid group and the alpha
unit of 2-(2-naphthyl)acetic acid, viewed along the C l 1alpha.' C12acid bond.
The acid carbon, C12, is hidden from the view by C l 1. The angle 0 is
defined as H-Caipha-Cacid-OH.
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Figure 4.4.

HOOC

Newman projections for the torsion angles 0 and <|). The angles are
measured in the clockwise direction so they will be positive.
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Figure 4.5. Schematic drawing of the ADLF spectrometer used in these studies.
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Polarize

Figure 4.6.

Irradiate

Detect

The ADLF field cycling sequence; in region A, the proton spin

system is polarized by the applied field, in region B, the deuterium nuclei are
irradiated at a specific rf frequency, in region C, the residual magnetization is
measured. This cycle is repeated for different zero-field rf frequencies.
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Figure 4.7.

The change in energy is graphed versus the asymmetry parameter (n).
The frequencies of absorption observed are v. and v+.
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Figure 4.8a.

The ADLF single transition spectrum of 2-phenyl[2,2-2H2]acetic acid
(C2H2 = -96% ) showing the v+ and v. for two deuterons.
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Figure 4.8b.

The ADLF double transition spectrum of 2-phenyl[2,2-2H2]acetic acid
(C^H2 = ~96%) showing one transition. Proving that the deuterons are
on one carbon atom.
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Figure 4.9.

02

The relative orientation of the hydrogen atoms in
2-(2-naphthyl)acetic acid with respect to the ortho ring
carbons, C3 and C l, viewed along the C2rjng - C l 1alpha
bond.
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Figure 4.10. The relative orientation of the hydrogen atoms in
2-(l-naphthyl)acetic acid with respect to the ortho ring
carbons, C9 and C2, viewed along the C lnng - Cl lalpha
bond.
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Figure 4.11.

Graph of the quadrupole coupling constant vs the torsion angle 0,

2H-Caipha-Cacjd- OH. The solid line is obtained from equation 4.5. The compounds
graphed are •

2-(4-chlorophenyl)[2,2-2H2] acetic acid, ■

^H2]acetic acid, A 2-(2-naphthyl)[2,2-2H2] acetic acid,
chlorophenyl)[2-2H] acetic acid,

O

2-(4-bromophenyl)[2,2▼ 2,2-bis(4-

2- (4-nitrophenyl) [2 ,2 -2 ^ ] acetic acid,

A 2-(l-naphthyl)[2,2-2H2]acetic acid, and V 2,2-(diphenyl)[2-2H]acetic.
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Figure 4.12. Contour plot of the quadrupole coupling constants, <J>, and 0. There is a
point of symmetry at 0 = 60° and (J) = 90° marked X. The differences between the
calculated and experimental quadrupole coupling constants ranging from +2.0 to -1.9 and
are marked on the graph as follows:
- 2.
A e 2 q z z Q /h
+2
+1
0
-1
symbol

q

A

O

Compound

A

□
Ae2qzzQ/h, D

Ae2qzzQ/h, N

1 2-(4-bromophenyl)[2,2-2H2l acetic acid

2.0

1.5

2 2-(4-chlorophenyl)[2,2-2H2]acetic acid

2.0

0.83

3

2-(4-nitrophenyl)[2,2-2H2]acetic acid

-0.49

4 2-(l-naphthyl)[2,2-2H2] acetic acid

0.44

5 2-(2-naphthyl)[2,2-2H9lacetic acid

-0.53

-1.9
-

1.6

-1.9

The experimental quadrupole coupling constants curves for 2-phenyl [2,2-2H2] acetic acid
are traced in bold using the point of symmetry to invert each curve, the predicted 0 and <J)
are the points were the curves intersect.

Table 4.1. Crystal and Refinement Data for Substituted Acetic Acids.
2 -(4 -F luor oph en yl)-

2-(4-Brom ophenyl) -

2 -(4 -N itro p h en y l)-

2-(1-N apth yl)-

2-(2 -N a p th y l)-

2 ,2-D iphenyl-

( 2 , 2 - 2H 2 ) - a c e t l c Acid

( 2 , 2 - 2H2 ) - a c e t i c Acid

( 2 , 2 - 2 H 2 ) - a c e t i c Acid

( 2 , : - 2 H2 ) - a c e t i c Ac id

( 2 , 2 - 2 H2 ) - a c e t i c Acid

( 2 - 2H ) - a c e t i c Acid

C8 H7F02
1 5 4. 1

CgHyBr02

C8 H7N04
1 81. 2

C 1 2 H1 0 ° 2

215.1

186.2

186.2

212.3

15.250(2)

16.051(3)

7.1558(12)

12.703(3)

19.810(4)

11.979(3)

4 .9 0 0 (1 )

4 .6 0 4 (2 )

15.926(4)

5.141(10)

5.9766(13)

7.197(2)

c, A

10.181(4)

11.740(3)

15.093(3)

3, deg

98 .78(2)

109.35(2)

m o l e c u l a r fo rmula
MW
a,

A

b, A

15.003(3)

8 . 1101( 12)

12.650(3)

91.92(2)

97.383(14)

91.22(2)

V , A3

751.8(18)

818.6(8)

1720.0(11)

979 .2 (2 )

95 2 .3 (3 )

1090.3(8)

Z

4

4

8

4

4

4

Dc a l c d ’ * cra' 3
radiation

1.362

1 .7 4 5

1 .3 9 9

1 .2 6 3

1.299

1 .2 9 3

CuKot

MoKa

CuKo

MoKa

CuKa

MoKa

c r y s t a l sy ste m

r a o n o c l in ic

m onoclinic

orth orhorabic

m onoclinic

r a o n o c l in ic

monoclinic

s p a c e group

P 2j/c

P2j/c

Pbca

P2j/c

9.40

49.16

9.38

0.80

6.73

0 .80

82.48

57.73

91.94

y (absorptn c o e f f ) ,

cra *

rain r e l a t i v e t r a n s , X

P2j/n

88.41
1 .0

in t e n s i t y decay, X
c r y s t a l d i m e n s i o n s , mm

0.16x0 .4 4 x 0 .5 2

0.12x0.28x0.48

0.16x0.28x0.32

0.15x0 .4 0 x 0 .6 0

0 .1 4 x0.56x0.60

terap, K

298

295

295

297

295

125

s c a n r a t e s , d e g . rain *

0 .6 8 -3 .2 9

0.63-4.00

0.39-3.29

0 .2 6-4.00

0 .8 2 -3 .2 9
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nax. scan tim e, s

120
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un iq ue r e f l c t n s

1545
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n o . o f ob se r v e d
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Table 4.3. Quadrupole Coupling Constants and Torsion Angles
for Substituted Arylacetic Acids .
C-2H Distant

C-2HNear

Ref.

2-Phenyl[2,2-2H2]acetic Acid
v _, v+ , kHz

128.0(8), 130.5(8)

123.5(5), 126.5(5)

e2qzzQ/h,kHz

172.3(7)

166.7(7)

T]

0.036(12)

0.029(11)

h

2-(4-Fluorophenyl)[2,2-2H2]acetic Acid
v ., v+ , kHz

complex multiplet transitions from 123.0 to 130.5

d (0 —2H), A ‘

2.536

2.535

6, deg*5

60.10(25)
87.95(37)

59.90(25)
92.85(35)

V ., v+, kHz

129.0(7), 132.0(7)

125.0(7), 127.0(7) 11

e2qzzO/h, kHz (exp)

174.0(9)

168.2(9)

e-^zQ /h, kHz (calc)

172.2

167.4

Ae2q2 zQ/h, kHz

2.0

0.83

n

0.034(16)

0.024(17)

d ( 0 - 2H), A a

2.70

2.36

6, deg*5

89.38(21)
95.19(27)

30.62(21)
85.21(29)

v _, v+ , kHz

129.0(7), 132.0(7)

125.5(7), 127.5(7) 25

e2^ ^ , kHz (exp)

174.0(9)

168.7(9)

e^ Q /*1**c®*z t08*0)

172.2

167.3

Ae2qzzQ/h, kHz

2.0

1.5

i)

0.034(17)

0.024(17)

d ( 0 - 2H), A a

2.760

2.394

9, deg*5

91.27(43)
93.4(53)

28.73(43)
86.54(58

0, deg°

2-(4-Chlorophenyl)[2,2-2H2lacetic Acid

0, deg0

11

2-(4-Bromophenyl)[2,2-2H2]acetic Acid

^deg°

h
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Table 4.3, cont'd
C-2H Distant

C-2-H Near

Ref.

V v +, kHz

126.5(5), 130.5(5)

123.5(5), 126.5(5)

e2qzzQ/h, kHz (exp)

171.5(6)

166.7(12)

AjzzQ/h. kHz (calc)

171.8

168.9

A e ^ Q / h . kHz

-0.49

-1.9

V

0.047(12)

0.036(12)

d ( 0 - 2H), A a

2.57

2.46

0, deg^

68.81(12)
105.89(16)

51.19(12)
74.11(19)

v v +> kHz

128.0(5), 129.0(5)

125.0(5), 127.0(5)

e^q^Q/h, kHz (exp)

171.3(7)

168.0(7)

e2qzzQ/h> kHz (calc)

171.0

169.1

Ae^qzzQ/h, kHz

0.44

-1.6

V

0.012

0.020

d ( 0 - 2H), A 3

2.68

2.39

0, deg*3

82.77(17)
69.47(24)

37.23(17)
110.03(22)

2-(4-Nitrophenyl)[2,2-2H2]acetic Acid

deg0

h

h

2-(l-Naphthyl)[2,2-2H2]acetic Acid

0, deg°

h

h,18

2-(2-Naphthyl)[2,2-2H2]acetic Ac'd
V _, v+ , kHz

127.5(10), 128.5(5)

124.5(5), 126.5(10)25

e2qzzQ/h, kHz (exp)

170.7(10)

167.3(10)

e^q^Q/h, kHz (calc)

171.2

169.2

Ae2qzzQ/h, kHz

-0.53

-1.9

n

0 .012( 12)

0.024(18)

d (0 —2H), A 3

2.66

2.43

6, deg*3

76.70(14)
82.00(19)

43.30(14)
97.89(17)

<p, deg®

h
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Table 4.3. cont'd
C-2H Site

Ref.

2.2-Bis(4-chlorophenyl)[2-2H]acetic.Acid
v . , v+ ,kH z

126(5), 127(5)

e2qzzQ/h,kHz

168.7(7)

77

0.012( 12)

d ( 0 - 2H), A a

2.369

e.degd

16.90(50)

<j>,deg6

101.60(55)

25

28

2.2-Diphenyl[2-2H]acetic Acid
v v +, kHz

123(5), 124.5(5)

e2qzzQ/h, kHz

165.0(7)

77

0 .02 ( 1)

d ( 0 - 2H), A a

2.463

fl.degd

48.80(15)

0, cleg6

116.57(13)

h

h

a Distance from deuteron to nearest oxygen atom.
k 6 is the torsion angle between the deuteron and the hydroxyl oxygen, defined in Figure 4.7.
The error limits are for the Cnng-Caipha-CacKj-OH torsion angles.
6 0 are the torion angles between the ortho phenyl carbons and the acid carbon where C0rth0 is
chosen to give a positive sign and an angle between 0 - 180°.
^ 0 for acids with one deuteron were calculated from an average of the Cring-Cajp[ia-Cacjci-OH torsion
angle for each C ^ g .
e tj>for acids with one deuteron were calculated from the Cortho'Cring-Calpha' ^acid f°r
Cortho^ring nearest the deuteron.
h This work.

Chapter Five

Syntheses

The preparation of the deuteriated compounds used in this spectral study.

137

5.1

Introduction, deuteriated arylacetic acids
Hydrogen - deuterium exchange at the alpha position in arylacetic acids requires a large

excess of high quality deuterium oxide (2H20 ) and heat for high conversion. Most of
these acetic acids are incompletely soluble in 2H20 , many easily sublime, and some form
waxy flakes that float and foam at the solvent surface. The use of co-solvents such as
tetrahydrofuran or dioxane, while reducing the solubility problem, slow the exchange
reaction. The use of deuterium chloride (2HC1, 37% in 2H20 ) as a catalyst was
ineffective. Sodium metal, dissolved in the reaction mixture, was employed in a trial
experiment and did not enhance the conversion but did develop colors. Lithium hydroxide
(LiOH) did work. A general equation for the reaction is

LiOH
ArCH2C0 0 H + 3 2H20 -------------->A rC 2H2C 0 0 2H + 3 H 2HO
where Ar is an aryl group.
Most of the arylacetic acids were, therefore, refluxed with 2H20 in the presence of
LiOH over periods of hours to days. Because the solution is partially ionic character, it
gave complex spectra, and the reaction progress could not be directly followed by obtaining
NMR spectra of the reaction solution. The reaction progress was followed by removing
small samples, neutralizing them with concentrated sulfuric acid (H2SC>4), recrystallizing
the resulting solid from ethanol/H20 to replace the deuterium by hydrogen on the acid
functional group, and performing routine solution proton (^H) and deuterium (2H) NMR
spectroscopy on the carboxylic acid. Conversion yields ranged from 30 - 90%.
Alternatively, nearly 100% conversion at the alpha position was obtained by sealing the
reaction mixture in an ampule and heating it to about 160 -170 °C for a period of about five
hours in a tube furnace. In future work, if 100% deuteriation is wanted at the alpha site, I
would recommend this procedure. If lesser substitution is desired, atmospheric refluxing
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of the reaction mixture for varying periods of time as described above can be used.
IR spectra were obtained on an IBM FTIR/32 instrument for only two compounds,
because the spectral information obtained did not definitively identify, nor quantify, the
deuteriation. Shifts of the stretching frequencies upon conversion from C-*H to C-^H
were observed, but the absorbance of the acid functional group on the molecule masks the
C-*H stretch region. Aromatic substitution interferes with the C-*H bend region. Most
samples were not 100% deuteriated, so the C-*H bands also appeared in the deuteriated
spectra.
A HP 9585A mass spectrometer did not provide sharp spectral peaks with either GC or
El probe techniques on these acid samples. The algorithm used to subtract the *3c
contribution from the isotopic weight of the samples, so the percent deuteriation could be
calculated, could not be used on acids substituted with bromine or chlorine because their
isotopes interfered. In these cases NMR spectroscopy alone was used to calculate percent
deuteriation.
The NMR instruments used were the IBM NR100, Broker AC200 and MSL200. All
spectra were compared to standard proton spectra.* Deuterium oxide was used as a
spectral reference for

NMR spectroscopy. It was not run as an internal reference,

because of peak overlap with the products. Deuterium NMR peaks are very narrow, and
base line noise can contribute to poorly resolved spectra. For these reasons a method of
apodization called line broadening, an exponential modifier, is used to manipulate the FID.
This technique reduces signal to noise problems and at the same time causes a slight
broadening of the spectral peaks. Line broadening in deuterium NMR spectroscopy is
usually a natural line broadening factor, on the order of the inverse of the acquisition time,
which enhances the signal to noise ratio without affecting the spectral width.
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To calculate the percent deuteriation at the alpha position, the following formula was
used based upon the solution *H NMR spectrum.

(original alpha peak area - residual alpha peakarea) x 100 = % deuteriation
original alpha peak area

The aromatic protons were used as a standard area for the integration; the hydroxyl proton
is not reliable due to solvent interactions. The above calculation is about 90% accurate; the
nature of the solvent, the sample concentration, the delay between pulses, and the general
state of tune of the spectrometer affect the accuracy.
5.1.1.

Syntheses of deuteriated arylacetic acids

A general procedure for the deuteriation of arylacetic acids at atmospheric pressure is as
follows.
A mixture of arylacetic acid (0.01 - 0.04 mol),

(20 mL, 1.0 mol, Aldrich 99.8%)

and anhydrous LiOH (0.2g, 0.008 mol, Eimer and Amend) was refluxed for several days
protected from the air with a drying tube filled with Drierite®. The cooled mixture was
acidified to pH 3 ( pH test paper) with concentrated H2SO4 (drop by drop), chilled, and
filtered. The collected solid was recrystallized from water or from ethanol/water. The
product was analyzed by NMR solution spectroscopy and (except for bromo or chloro
substituents) MS techniques for the extent of deuteriation. All compounds conformed to
standard spectra,! and all deuteriated products gave only one peak, in the alpha region, in
solution deuterium NMR analysis.
The following describes the preparation of each compound used in this study. Routine
solution NMR spectra are shown only for the first compound.
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5.1.1.1. 2-Phenyl[2,2-2H 2]acetic Acid .2 Phenylacetic acid (Baker) was checked
by NMR spectra and MS. The mp was 75-76 °C (lit. 77-78.5 °C).3 Although these
analyses were satisfactory, the material was distilled, and a fraction taken at 115 °C /0.5
torr was used in the subsequent reaction. A solution of 1.7 g (0.036 mol) of phenylacetic
acid was refluxed for four days. The precipitate, 1.4 g, was collected on a filter, and the
filtrate was acidified to pH 3. The chilled mixture was filtered, and the precipitate was air
dried; yield, 0.2 g. No further organic solid was obtained on evaporating the filtrate. The
reaction precipitates were recrystallized from H2O. A solution

NMR spectrum in CCI4

was integrated for -95% deuteriation at the alpha site, Figure 5.1. A solution

NMR

spectrum in CCI4 showed only one peak, at the alpha position, Figure 5.2. MS gave
-96% dideuteriation.
This compound was the first to exhibit two nonequivalent deuterium sites at the alpha
position. ADLF spectra and data are shown in Chapters 2, 3, and 4.
Repeated attempts to crystallize phenylacetic acid from various solvents including
water, ethanol, methanol, ethyl acetate, 2-propanol, 1-butanol, benzene, toluene, diethyl
ether, dioxane, and tetrahydrofuran, or to prepare its calcium or sodium salt, did not
produce crystals suitable for single crystal X-ray analysis. Also, careful sublimation
yielded an unsuitable solid compound of thin plastic flakes. These crystals gave a weak
diffuse diffraction pattern at 297 K. Subsequently, crystals grown for 1 1/2 yr in 1-butanol
were mounted and an attempt was made to collect data at 125 K. The diffraction pattern did
not improve over the 297 K attempt.
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2-(Phenyl)[2,2-2H2]acetic acid
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Figure 5.1.

NMR spectrum of a 160 mg sample in CCI4 taken on an AC200

instrument with 16 scans and pw = 5 (is. Frequencies are assigned from standard
spectra, hydroxyl (12.3 ppm), aromatic (7.5 ppm), and methylene (3.8 ppm)
protons. * The aromatic protons are assigned an area of 5 for the purpose of
integration. The methylene area for the unsubstituted acid is 2 and in this sample
-0.1. The calculated deuteriation is -95%.
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2-(Phenyl)[2,2-2H2]acetic acid
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Figure 5.2.

NMR spectrum of a 160 mg sample in CCI4 taken on an AC200

instrument with 100 scans, pw = 54 (is. and line broadening = 3. The frequency was
assigned by using

as a standard peak at 4.63 ppm, and by setting the spectral

range accordingly. Only one peak, at the methylene position (3.8 ppm), was
observed.
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5.1.1.2. 2-(4 -B ro m o p h en y I)[2,2 -2H 2 lacetic Acid.4,5 This compound was
prepared with several different levels of deuteriation at the alpha site. The highest level of
deuteriation was achieved by refluxing a mixture of 2.1 g (0.01 mol) of 4-bromophenylacetic acid (Aldrich) for six days with magnetic stirring. The acid floats as an oil on
the surface of the ^H^O. The chilled mixture was acidified, filtered, and the precipitate
immediately recrystallized from ethanol/H^O by adding enough ethanol to the heated H2O
mixture to dissolve the solid. The product was seeded with starting material to keep it from
oiling out of solution. Colorless crystals, 1.4 g, were obtained with -73.5% deuteriation at
the alpha position as determined by *H NMR spectroscopy (CCI4). A

NMR spectrum

(CCI4) exhibited only one peak, at the alpha position. Due to the isotope effect of bromine,
MS could not be used to determine the deuteriation level.
To obtain less deuteriated samples, a boiling stone was employed to reduce the
interface between the oil and ^H2 0 . Fifty percent deuteriation was obtained with 48 h of
refluxing, 30 - 40 % with -2 4 h, and 10 - 20 % with 18 - 24 h. The spectral data obtained
from these different levels of deuteriation were published in reference 4.
X-ray crystallography was performed on the nondeuteriated compound as part of a
Chemistry 7770 class project and the data is reported in Chapter 4.
Molecular motion was studied by recording spectra at three different temperatures on
the MSL200, Chapter 2.
5.1.1.3. 2-(4-C h lo ro p h en y l)[2,2-2H 2]acetic acid .6 The starting material was
obtained 97% pure from Aldrich. Although both MS and *H NMR spectra indicated that
the sample was free of impurities, the starting material was crystallized from ethanol/H2 0 .
A mixture of 1.3 g (0.008 mol) of 4-chlorophenylacetic acid (Aldrich) was refluxed for six
days using magnetic stirring. The chilled reaction mixture was acidified, filtered, and the
precipitate was recrystallized from ethanol/H20,1.17g. The chlorine isotope interfered
with the MS deuterium calculation. A

NMR spectrum in C^HC^ was integrated for
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~93 % deuteriation at the alpha site. A 2H spectrum showed only one peak, at the alpha
region. ADLF spectra and the X-ray crystallography data for this compound are reported
in reference 6, Chapter 3.
Even though the mp was 100 -101 °C, the crystals were flaky and mushy. To grow
suitable crystals for X-ray analysis, the solid was dissolved in a 20% solution of ethanol in
water and allowed to evaporate slowly at 4 °C.
Molecular motion was studied by recording spectra at six different temperatures on the
MSL200, Chapter 2.
5.1.1.4. 2 -(4-F lu o ro p h e n y l)[2,2 -2H 2]acetic Acid.5

A solution of 1.5 g (0.01

mol) of 4-fluorophenylacetic acid (Aldrich) was refluxed for nine days using magnetic
stirring. The chilled reaction mixture was acidified, filtered, and the precipitate was
recrystallized from ethanol/H2 0 ; yield, 0.5g. The product readily oils out of solution, and
it took three trials of heating, seeding, and cooling, to get crystals. Most of the reaction
product may have been lost due to sublimation during the prolonged heating. MS
calculations showed 89% dideuteriation and 31% monodeuteriation. A

NMR spectrum

(CCI4) was integrated for ~85% deuteriation at the alpha site. A 2H NMR (CCI4)
spectrum showed only one peak, at the alpha position. This sample gave unusual ADLF
spectra, Chapter 2.
The reaction was rerun for three days with new starting materials using the same
procedure as before.

NMR spectra (CCI4) was integrated for ~75% deuteriation. 2H
r

spectra (CCI4) showed only one peak, at the alpha region. This sample also gave unusual
ADLF spectra.
Special crystals were grown for X-ray analysis from ethanol/hexane. The crystal was
capillary mounted to avoid sublimation during the analysis. The crystal did partially
sublime in the capillary during the analysis. Only the acid hydrogen was refined; the
remaining hydrogens were fixed. The highest thermal motion was noted in the fluorine
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atom, about three times the usual level; the ring carbon atoms had thermal motion of about
two times the normal limits. The X-ray analysis at room temperature showed the two
hydrogen positions on the alpha site to be equivalent. An X-ray powder pattern was
obtained by sending a sample to Ethyl Corporation. The powder pattern confirmed the
single crystal analysis.
The ADLF spectra did appear to show an inequivalency in the deuteron positions.
Possibly there is some annealing of the sample at the low temperature in the ADLF. The
crystals sublime easily and form thin plastic flakes that shear easily. X-ray crystallography
was not run at low temperature because of problems with the crystals.
5.1.1.5. 2-(4-N itrophenyl)[2,2-2H 2]acetic Acid.5

4-Nitrophenylacetic acid

(Aldrich) was recrystallized from water and showed no impurities based on NMR and MS
data. In a first trial 1.37 g (0.075 mol) of 4-nitrophenylacetic acid was refluxed with
LiOH for six days. The reaction mixture yielded an unworkable black oil. The reaction
was rerun, as before, but for only three days. The hot reaction liquor was decanted from
oily black pools in the flask. It immediately began to crystallize. The filtered solid was
dissolved in ethanol/H2 0 , acidified, chilled, and filtered; yield, 0.5g.
If this reaction is run again, try it without the LiOH.
Both *H and ^H NMR spectra, in acetonitrile, were as expected. MS showed 99%
dideuteriation. ADLF and MSL spectra are shown in Chapter 2.
X-ray analysis was performed on a sample crystallized from water and is reported in
Chapter 4.
5.1.1.6.

2-(l-N aphthyl)[2,2-2H 2]acetic Acid .5

Two attempts to deuteriate

1-naphthylacetic acid at atmospheric pressure using the usual procedure gave in one case
25% and in the other 15% deuteriation at the alpha site. The starting material is insoluble in
2H2O and sublimes during prolonged heating.
A solution of 2.0 g (0.01 mol) of 1-naphthylacetic acid (Lancaster Synthesis) in diethyl
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ether was introduced into a glass ampule, and the solvent was carefully evaporated by
warming the ampule in a water bath. A syringe must be used to introduce the dissolved
sample into the ampule, as the ampules have restricted necks. Then a solution of 20 mL
(1.0 mol) of 2H2O (Aldrich 99.8%) and 0.2 g (0.008 mol) LiOH (Eimer & Amend,
anhydrous) was injected. The ampule was frozen, evacuated, sealed, and heated for 4 h at
156 °C (80.9 psi) in a tube furnace. The cooled ampule was again frozen, scored, and
cracked open with an oxygen/natural gas torch. The flaky slush was removed from the
ampule, acidified, and the filtered precipitate was recrystallized from ethanol/H2 0 . Crop
one, 1.0 g, was used for spectral data. A *H NMR spectrum (CCI4) was integrated for
~100% deuteriation at the alpha site. A

NMR spectrum (CCI4) showed only one peak,

at the alpha region. This material repeatedly dissolved in liquid nitrogen and had to be
carefully sealed with teflon tape in the ADLF sample holders. ADLF spectra are discussed
in Chapter 2.
An X-ray structure of this compound, based on film data, is in the literature.^ It was
decided to re-do the structure using the sophisticated equipment available at LSU. Crystals
were carefully grown from an eth an o l/^^O mixture. With Dr. Fronczek's help, I
processed the data for this structure, and it is reported in Chapter 4.
5.1.1.7. 2-(2-N ap h th y l)[2,2-2H 2lacetic Acid.^ A mixture of 2.0 g (0.01 mol) of
2-naphthylacetic acid (Lancaster Synthesis) was refluxed for four days with magnetic
stirring. The reaction solid floated on top of the aqueous phase and did not appear to mix
well. The chilled reaction mixture was acidified, filtered, and the precipitate was
recrystallized from H2O by adding enough ethanol to dissolve the suspension. The
product, 1.5 g, had to be vacuum dried to remove H2O and posed solubility problems for
NMR work. A *H NMR spectrum (CCI4) was integrated for ~40-50% deuteriation,
keeping the 10 mg sample in solution was difficult. A

NMR spectrum (acetonitrile)

showed only one peak, at the alpha region. The dried sample did not work well in the
ADLF; the T j appeared to be too long. A drop of H2O was mixed with the sample, and it
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was left exposed to air overnight hoping that the added moisture would reduce the T j, but
it did not appear to do so. The ADLF data are in Chapter 2.
Deuteriation at the 40-50% level was too low for MSL work. The above reaction was
repeated, dissolving the starting material in diethyl ether and using the technique for the
deuteriation of 1-naphthylacetic acid. Colorless crystals, 1.45 g, integrated for ~90-95%
deuteriation at the alpha site using CCI4 as a solvent with lH NMR spectroscopy. The
alpha position was observed as weak broad peak. With deuteriated acetone as a solvent,
the same weak broad peak was observed at the alpha position. A

NMR spectrum in

acetone gave one peak, at the alpha position.
Crystals for X-ray analysis were grown in CCI4 in a NMR tube, Chapter 4.
5.1.1.8. 2,2-D iphenyl[2-2H]acetic Acid.^ The first trial of this reaction did not
result in deuteriation of the starting material; thus a co-solvent was used. A mixture of 2.0
g (0.01 mol) of diphenylacetic acid (Aldrich) and enough dioxane (4 mL, Baker AR,
freshly distilled from Na) to barely dissolve all the solid was refluxed for four days with
magnetic stirring. The cooled reaction mixture was acidified, and the filtered precipitate
was recrystallized from hot H2O by adding enough ethanol to get it into solution; yield, 1.7
g. A

NMR spectrum (CCI4) was integrated for -4 0 % deuteriation at the alpha site;

keeping the 10 mg sample in solution was difficult.. A

NMR spectrum showed only

one peak, at the alpha region, using acetone as a solvent. This material was used in our
ADLF spectroscopy, Chapter 2.
Suitable crystals for X-ray analysis grew from the CCI4 solvent in the NMR tube. The
ADLF data yielded a e2qzzQ/h of 165 kHz and the X-ray data showed a 0 angle of 49 °.
These values fit our Kaiplus curve poorly. To explore the possibility of a crystal packing
change at low temperatures, an X-ray analysis was run at 125 K. The unit cell shrank as
predicted but the space group did not change. The crystal and refinement data are listed in
Table 5.1 for the two temperatures. The X-ray temperature is roughly double the

148
Table 5.1. Crystal and Refinement Data for 2,2-Diphenylacetic Acid.
Molecular formula

C14H12O2

C14H12O2

MW
a, A
b, A
c, A

212.3
12.2477(7)
7.2240(5)
12.7351(10)

212.3
11.979(3)
7.197(2)
12.650(3)

P, O
v, A3
molecules / unit cell

90.998(6)
1126.5(4)
4
1.251

91.22(2)
1090.3(8)
4
1.293

Cu K a
monoclinic
P2i/n
6.29
95.76
1.6
0.20 x 0.32 x 0.40
295(1)

Mo K a
monoclinic
P21/n
0.80

max. scan time, s

0.46 - 3.29
120

0.80 - 4.0
120

20 (max), (°)
unique reflections
no. of observed refl.

150
2310
1771

60
3171
2276

observation criterion
no. of parameters refined

I >3a (I)
194

I >3o (I)
193

R( = x

0.038

0.045

0.050
0.17

0.053
0.35

Dcalcd' g cm‘3
radiation
crystal system
space group
|i (absorption coeff.), cm"*
min. relative trans., %
intensity decay, %
crystal dimensions, mm
temp., K
scan rates, deg. min'l

| a |F || / £

|F | )

R w ( = ( L w (AF)2/ Z wF2)1'2 )
max. residual density, e A-3
min. residual density, e A-3
Extinction coefficient
Hydrogen atom treatment
comments

-0.15
1.22(4) xlO-5
all refined
capillary mounted

0.35 x 0.43 x 0.53
125(1)

-

0.22

all refined
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temperature of the ADLF analysis, but it is as low as the cryostat on the CAD-4 will go.
The positional parameters for the lower temperature crystal refinement are given in Chapter
4.
5.1.1.9.

2,2-Bis(4-chlorophenyl)[2-2H]acetic Acid.^ A mixture of 1.8 g

(0.0064 mol) of diphenylacetic acid (Aldrich) and enough dioxane (4 mL, Baker AR,
freshly distilled from Na) to barely dissolve all the solid was refluxed for four days with
magnetic stirring. The cooled reaction mixture was acidified, and the filtered precipitate
was recrystallized from hot 95% ethanol; yield, 1.4 g. A

NMR spectrum (CCI4) was

integrated for ~80 % deuteriation at the alpha site; keeping the 10 mg sample in solution
was difficult. A

NMR spectrum showed only one peak, in the alpha region, using

acetone as a solvent. ADLF data are discussed in Chapter 2.
The X-ray crystal structure of the starting material is p u b l i s h e d . 8 a » b
5.1.1.10. Other Aryl[2,2-2H]acetic acids Several other arylacetic acids, 4aminophenyl, biphenyl, phenoxy, and 4-(a,a,a-trifluorophenyl), were deuteriated. These
acids presented one or all of the following problems to our study; very difficult to
deuteriate, solubility problems, T i too long, or T ^ too short for practical use in the ADLF
spectrometer. Their preparations were similar to the proceeding methods and will not be
discussed.
5.2.

Introduction, synthesis of deuteriated benzaldehydes

Several of the successfully deuteriated arylacetic acids yielded quadrupole coupling
constants that did not fit as well as anticipated to our Karplus curve. As a possible key to
understanding this phenomenon, it was decided to examine what effect an electron donating
or withdrawing group in the para position of the aryl substituent might have on the
molecule.^
A similar but separate series was deuteriated: benzaldehyde, 4-chlorobenzaldehyde,
and 4-nitrobenzaldehyde. The aldehydic hydrogen is not exchangeable as are the alpha
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hydrogens in the arylacetic acids. The deuteriated product must be made by reducing an
acid or acyl chloride or by oxidizing an alcohol. Also benzaldehydes easily undergo the
Cannizzaro reaction to yield acids and alcohols which makes the deuteriated product
susceptible to decomposition. Trials to reduce the 4-chlorobenzaldehyde with lithium
aluminum deuteride (LiAl^H^lO and reoxidize it with lead tetraacetate were unsuccessful
because of the harsh conditions and gave undesired products. Attempts to reduce the
substituted benzoyl chloride with superdeuteride (lithium triethylborodeuteride) 11 or
LiAl^IfylO resulted in cleavage of the para substituent on the aryl group. A pressure
reaction in the presence of AI2O3 at 150 °C (30 psi) failed. Catalytic reduction with Pd/C
and deuterium gas followed by oxidation with cerium(IV) ammonium nitrate did not
w ork .

12,13,14 Tributyltin deuteride was gentle enough to give reasonable yields of

product when reacted with the substituted benzoyl c h l o r i d e . 15,16 This reagent was made
and used to prepare the substituted deuteriated benzaldehydes 17 discussed here.
5.2.1.

Syntheses o f d e u teriated benzaldehydes

5.2.1.1. B enzaldehyde-(C0-2H ). 18,19 This was a two step reaction; first a
reduction, then an oxidation.

mixture of
diastereoisomers

0
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Under a nitrogen atmosphere, 10 g (0.05 mol) of benzil (Fairmont Chemical) in 100
mL of freshly distilled diethyl ether was added dropwise to a magnetically stirred mixture
of 1 g (0.025 mol) ofLiAl2H4 (Aldrich, 98%) in 50 mL of diethyl ether (Baker, Ar,
freshly distilled from Na-K). The reaction mixture was cooled with an ice/salt bath during
the addition and allowed to stir 1 h without the bath. The mixture, cooled by an ice/salt
bath, was quenched with a 30% solution of Rochelle salt (KNa tartarate-4H2 0 ,
Mallinkrodt, AR). The reaction mixture was allowed to stir overnight at room temperature.
The two layers were separated, and the aqueous layer extracted with two small portions of
diethyl ether (Baker, AR). A yellow semisolid was obtained after rotary evaporation of the
dried (Na2SC>4) and filtered ether layer.

NMR spectroscopy (CCI4) showed ~75%

deuteriation, and 2H NMR spectroscopy (CCI4) gave a strong single signal.
The crude material was dissolved in ~ 150 mL of benzene (Baker, AR) and stirred
magnetically in an Emlnmeyer flask. Solid lead tetraacetate, (13 g, 0.03 mol, Aldrich) was
slowly added. The stirred reaction mixture changed from a light brown solution to a
muddy mixture overnight. About 100 mL of water was added, and the layers were
separated. The organic layer was dried (Na2SC>4), filtered, concentrated, and distilled. A
fraction collected between 175.5 - 167 °C, 3.1 g, gave a strong deuterium signal in 2H
spectroscopy (CCI4),

NMR spectroscopy (CCI4) of the product had too little aldehydic

proton left to integrate. The benzaldehyde was essentially 100% deuteriated at the
aldehydic position. This product was stored under nitrogen and refrigerated.
Benzaldehyde solidifies at -56 °C,3 but the deuteriated product was too plastic to give
an ADLF signal. An oxime of the product gave no better signal. Possibly, through
annealing at low temperatures, the compound can become crystalline enough to give an
ADLF signal.
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5.2.1.2.

4-ChIorobenzaldehyde-(C0-2H).15,16,17 xhis preparation required

two steps: the preparation of tributyltin d e u t e r i d e

(n-C4H 9)3 SnH
(n-C4H 9)3 SnMgCl

+

CgHgMgCl
_____ ^ 2 ^

17

galvinoxyl
----------------------- ►
^ (n-C4H 9)3 Sn

then the reduction of 4-chlorobenzoyl chloride. 1^>16

(n-C4H 9)3 Sn* +

Pd(PA r^).
4-ClArCOCl _______ 3 4 ^(n-C ^H 9)3 Sn Cl + 4-ClArCO

•
2
2
4-ClArCO + (n-C4H 9)3 Sn H ------------ ► 4-ClArC H O + (n-C4H 9 )3 Sn*

The first trials with this procedure^ employed tributyltin hydride purchased from
Lancaster Synthesis that gave very poor yields of the deuteride. Starting material from
Aldrich gave much better results. The NMR spectra of the Aldrich material was cleaner,
MS is difficult to interpret due to the many isotopes of tin.
Because tributyltin hydride or deuteride readily decomposes to hydoxyl products and/or
acids, it is stored at freezer temperatures (-20 °C). These organic tin compounds are readily
absorbed through the skin. All the reaction steps were carried out in a hood, and I changed
disposable latex gloves frequently.
A 250 mL, three-necked, round-bottom flask was equipped with a magnetic stirrer,
thermocouple well, side-arm dropping funnel, and a continuous nitrogen purge. A solution
of 40 mL (0.08 mol) of 2M cyclohexylmagnesium chloride in diethyl ether (Aldrich) was
syringed into the flask. A radical scavenger, galvinoxyl (0.21 g, 0.0005 mol, Aldrich) was
added to the flask. While the flask was cooled with an ice/salt bath, 13.34 mL (0.05 mol)
of tributyltin hydride (Aldrich, 97%) was added dropwise over 40 min between 1 - 4 °C

153
from the side-arm funnel. A pale orange mixture resulted. The ice/salt bath was removed,
and the reaction progress was checked by IR spectroscopy until no Sn-^H band appeared at
1800 cm’1.
The Grignard reagent loses strength even though stored under refrigeration. If the
reaction is not complete, cool it again, and add more Grignard reagent solution until the IR
spectrum shows no hydride absorbance.
The ice/salt bath was replaced, and 5 mL (0.25 mol) of deuterium oxide (Aldrich,
99.8%) was added dropwise to form the deuteride. The reaction mixture turned colorless
at the end point. About 20 mL water was added, the layers separated, and the aqueous
layer was extracted with ~20mL of diethyl ether (Baker, AR). It was essential to work
quickly here, because water promotes the formation of tin hydroxyl compounds. The
combined organic layers were dried over MgSC>4 and filtered, and the filtrate was
concentrated on a rotary evaporator. An IR spectrum showed the Sn-^H absorbance at
1305 cm-1 and no peak at 1800 cm"l (Sn-^H). *H NMR spectrum (CCI4) showed a tiny
Sn-^H peak. The NMR spectrum cannot be accurately integrated due to contaminants in
the alkyl region.

NMR spectrum (CCI4) showed one single peak. The crude material

was used directly in the next reaction, because no satisfactory way was found to stop the
crude material from foaming during distillation. The contaminants are dimers, trimers, and
hydoxyl products of alkyltin. These products do not interfere with the next step in the
reaction. The crude reaction material can be stored at - 20 °C but does not keep well. It is
better to make this reagent for each reduction just before the reaction is run.
The second step of this reaction is promoted by radical f o

r m a tio n ,^ a n d

indeed the

dramatic color changes, rather than the accurate measurement of reactants, are a good
measure of the end point of the reaction. Make certain that the bright blue colored
galvinoxyl, from step one, is destroyed and does not transfer to this step.
A 100 mL, three-necked, round-bottom flask was equipped with a magnetic stirrer,
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thermocouple well, septum, and a nitrogen purge. A mixture of 2.55 mL (0.02 mol) of
4-chlorobenzoyl chloride (Aldrich), 10 mL of diethyl ether (Baker, AR), and 0.23 g
(0.0002 mol), of tetrakis(triphenylphosphine)palladium(0) (Aldrich, 99%), formed a
golden solution on stirring.in the flask. The crude tributyltin deuteride in a few mL of
diethyl ether (Baker, AR) was added from a syringe through the septum. Gas evolved, but
no heat was noted, so an ice/salt bath was not used. A dramatic color change from golden
yellow to dark brown, with the formation of a precipitate and much foaming, marked the
end of the reaction. The mixture was stirred 1 h (longer periods gave less desired product)
and filtered, and the filtrate was concentrated on a rotary evaporator. To remove platinum
and most of the tin chloride material, the crude dark benzaldehyde was dissolved in a
minimum amount of benzene/hexane (1:1) and passed through a short Florsil® (Baker, 60
-100 mesh), 1.5 cm x 5 cm column with hexane as the solvent. The product travels with
the solvent front and, on evaporation of the solvent with a rotary evaporator, forms a
golden solid. The aldehyde is air sensitive and is stored under nitrogen in a refrigerator.
To remove as much organotin contaminants as possible, the product was distilled.
Foaming caused by the tin compounds was a problem, but the deuteriated benzaldehyde
that was collected at 210-215 °C, (2.0 g) solidified to colorless crystals on cooling.
NMR spectrum (CCI4) still showed some alkyltin contaminants and is not easy to integrate.
spectrum (CCI4) gave a single signal. No MS was performed due to the presence of
the chlorine isotopes.
5 .2 .I.3 .

4 -N itro b e n z a ld e h y d e -(C 0 -2 H ).

This product was prepared by reducing 4-nitrobenzoyl chloride with tributyltin
deuteride following the procedures in 5.2.1.2.
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A 100 mL, three-necked, round-bottom flask was equipped with a magnetic stirrer,
thermocouple well, septum, and a nitrogen purge. A mixture of 3.71 g (0.02 mol) of 4nitrobenzoyl chloride (Aldrich), 10 mL of toluene (Baker, AR), and 0.23 g (0.0002 mol),
of tetrakis(triphenylphosphine)palladium(0) (Aldrich, 99%), formed a golden solution on
stirring in the flask. The crude tributyltin deuteride (prepared in 5.2.1.2.) in a few mL of
diethyl ether (Baker, AR) was added from a syringe through the septum. Gas evolved, but
no heat was noted, so an ice/salt bath was not used. A dramatic color change from golden
yellow to dark brown, with the formation of much precipitate and foaming, marked the end
of the reaction. The mixture was stirred 1 h and filtered, and the filtrate was diluted with
10 mL of hexane (Baker, AR). The filtered precipitate and the second crop from the cooled
hexane mixture were combined and dissolved in a minimum amount of benzene (Baker,
AR). This dark solution was passed through a short Florsil® (Baker, 60 - 100 mesh), 1.5
cm x 6 cm column with benzene as the solvent. The product travels with the solvent front
and, on evaporation of the solvent, on a rotary evaporator, forms a solid. This solid was
dissolved in a minimum amount of benzene and diluted with hexane until a precipitate
formed; the precipitate was cooled and filtered; yield, 0.76 g. A
still showed ~100% deuteriation at the aldehydic position. A

NMR spectrum (CCI4)
spectrum (CCI4) gave a

good single signal.
X-ray crystal analysis of the deuteriated product showed it to be the aldehyde. This
structure is submitted Acta Crystallog. C for publication, Chapter 6
5.3.

Syntheses of d eu teriated polym ers

To observe the three bond coupling in amorphous materials in the same way we had
observed the phenomena in the model polycrystalline arylacetic acids, two polyesters were
prepared with deuteriation alpha to the carbonyl group. To give some rigidity to the chain,
4,4'biphenol was chosen as the hydoxyl component in the esterification. One polyester
was also prepared from ortho deuteriated 4,4'biphenol and an undeuteriated acid just to see
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what effect that substitution might have on the spectrum. Two aliphatic acids, succinic and
adipic, were selected to be deuteriated and converted by reaction with the 4,4'biphenol into
polyesters. Both these diacids contain the appropriate alpha sites for deuteriation and
represent minimum usable chain lengths for this study. Longer chain lengths will give rise
to more different types of motions, which would not effect the ADLF study but would
make wide line deuterium spectra more difficult to interpret. Malonic acid was not
considered, as the acid chloride preparation can easily lead to decarboxylation, which
would leave only a acid chloride m

o n o m e r.

20

A trial using carbodiimide, to absorb water as the polymer condenses, gave a poor yield
of gummy, low molecular weight polymeric m a t e r i a l . 2 1 > 2 2 The polymer was successfully
prepared by using acyl chlorides and the 4,4'biphenol to form the ester linkage.21 The
synthetic route was kept simple by deuteriating the acid, preparing the acid chloride of it,
and mixing the crude acid chloride and the 4,4'biphenol together under anhydrous
conditions to make the polymer. Thionyl chloride (SOCI2) was used as the chlorinating
agent, because its byproducts are gases (HC1 and SO2) and any excess, would be an
effective drying agent for any water present in the solvents used in the polymizeration step.
5.3.1
5.3.I.I.

M onom er P rep aratio n
[2,2,3,3-2H 4 ]Succinic Acid Preparation of the deuteriated compound via

the usual methods, deuterium oxide and lithium hydroxide, at atmospheric pressure gave
~30% deuteriation as determined by lH NMR (2H2 0 ) spectroscopy. This acid retains
water making integration difficult. Drying at high heat is impossible due to sublimation.
A general method for base catalyzed deuterium exchange reactions for a-deuteriation of
carboxylic acids (sodium succinate, KOH, and 2H20)24 was unsatisfactory also.
The acid was successfully deuteriated by heating 7 g (0.06 mol) of succinic acid
(Mallinkrodt), 20 mL (1.0 mol) of 2 ^ 0 ( Aldrich, 99.8%) and O.lg (0.004 mol) of
anhydrous LiOH ( Eimer and Amend) in an ampule for 55 h at 170° C. The solid was
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rinsed from the ampule with water and filtered. The air dried product was colorless
crystals; yield, 6 g. The filtrate gave no more solid upon acidification but did give another
crop on evaporation.
A small sample of the first crop was crystallized from doubly distilled water. This
compound shows only one

NMR peak (2H2 0 ) , the hydroxyl peak is not seen because

the hydrogen is exchanging rapidly with

the solvent. It was integrated against

starting material by adding the spectra of the non-deuteriated and deuteriated succinic acids
in the computer of the IBM NR100, ~66% deuteriation was calculated. Again, getting
samples of the deuteriated and nondeuteriated acid dried to consistent water content before
weighing was not easy. A

NMR spectrum, run in doubly distilled water, showed only

one peak.
ADLF spectroscopy was not successful because the T^ > 1000 s which is beyond the
delay capability of our spectrometer. MS of this acid was not reliable by either GC or El
methods due to the broad peaks that are characteristic of acids.
5.3.I.2.

[2,2,3,3-2H 4]SuccinoyI C hloride

When treated with SOC12, succinic

acid preferentially forms a cyclic anhydride over the acid chloride. This problem can be
overcome by employing dimethylformamide (DMF) as a catalyst.23a
A Chemical Abstracts reference to a Russian paper^3b suggested D M F, 25 % by
weight, as a catalyst for the facile preparation of succinoyl chloride. While waiting for the
reference to come from the Library of Congress, an attempt was made to prepare the acyl
chloride using DMF (99%, Gold Label, Aldrich, dried over molecular sieves) which
resulted in a violent evolution of gases from the reaction and no desired product. Another
attempt, using DMF (Mallinkrodt, distilled from KOH), did not work either. DMF can be
contaminated with dimethylamine and other possible trace materials, water for instance.
When the paper did arrive, a translation showed that the Chemical Abstracts reference was
in error, the actual amount of DMF used was 2.5 mol percent.23b
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To a 100 mL, three-necked, round-bottom flask equipped with a magnetic stirrer,
reflux condenser, drying tube, and thermocouple well, was placed 4.4 mL (0.06 mol) of
SOCI2 (Aldrich), and 0.12 mL (0.0015 mol) of DMF (99+% Aldrich, anhydrous, syringe
top). The flask was charged with 2.5 g (0.02 mol) of [2,2,3,3-2H4]succinic acid
(prepared in 4.3.1.1. and vacuum dried). The temperature was increased very slowly. At
29.7 °C HC1 evolution began. In 15 min most of the solid had dissolved, and the HC1
evolution had subsided but not stopped. In another 10 min the reaction mixture was thick
and viscous. Heating was stopped, and this material used immediately in the
polymerization step
5.3.I.3.

[2,2,4,4-2H 4 ]Adipic Acid. Adipic acid (5.5 g, 0.04 mol, Eastman

Kodak) was dissolved in acetone (Baker, AR) and syringed into an ampule. The ampule
was warmed to drive off the acetone. When the acetone was evaporated, 0.2 g (0.008 mol)
of LiOH (Eimer and Amend) dissolved in 10 mL (0.05 mol) of 2 ^ 0 ( Aldrich 99.8%)
was syringed into the ampule. The ampule was evacuated, sealed, and heated in a tube
furnace for 72 h at 160-170 °C. The product, 2.2 g, was filtered from the cooled mixture.
The acidified filtrate yielded 0.78 g of product on filtration. The low yield of deuteriated
acid may have been partially due to a poor seal on the ampule. A small sample, crystallized
from doubly distilled water, integrated for ~80% deuteriation with *H NMR spectroscopy
(2H2 0 ).

spectroscopy (doubly distilled water) gave a strong, single signal in the alpha

region.
If this reaction is rerun, use methanol as the solvent for the acid instead of acetone. Dry
the ampule in a vacuum oven after the initial evaporation at atmospheric pressure. Acetone
did not seem to be the best solvent; the acid crystallized on the slightest cooling, plugging
the syringe.
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5.3.1.4.

[2,2,4,4-2H 4]AdipoyI

C h lo r id e .2 ^

To a 100 mL, three-necked,

round-bottom flask flushed with nitrogen, and equipped with a condenser, thermometer,
magnetic stirrer, and drying tube, 3.04 g (0.02 mol) of crude [2,2,4,4-2H4]adipic acid
(prepared in 4.3.1.3.) was added. A moistened solid resulted from the addition of 4 mL
(0.05 mol) of SOC12- After 4 h of careful heating from 45 - 95 °C, a pale yellow solution,
with a small amount of colorless solid, resulted. The HC1 evolution had ceased. More
SOCI2 (0.73 g, 0.01 mol) was added, and the mixture heated at 85 °C for 1 h. A small
amount of gummy solid was removed by filtration, and the solution was used directly in
the polymer preparation step.
If this reaction is rerun, use a greater excess of SOCI2 and filter off any remaining solid
material.
5.3.1.5.

4,4'-[2,2',6,6,-2H 4 ]BiphenoI.

Nonpressurized deuteriation of

4,4'-biphenol with either acid (DC1) or base (NaOH or LiOH) as a catalyst in 2H2 0 did not
work. Also the use of base gave colored reaction products. The addition of dioxane aided
solubility of the phenol but yielded, in the ortho positions, an incompletely deuteriated
product. The phenol was successfully deuteriated at high temperature in an ampule.2^ If
the temperature is too high, unwanted exchange at the meta positions is also obtained. If
the temperature is too low, incomplete exchange occurs at the ortho positions.
A solution of 4,4-biphenol ( 2.0 g, 0.01 mol, Aldrich) in acetone (Baker, AR) was
syringed into an ampule. The acetone was evaporated on a hot water bath. A solution of
10 drops of DC1 (37% in 2H2 0 , Aldrich) and 10 mL (0.5 mol) of 2H2 0 (Aldrich, 99.8%)
was syringed into the ampule. The ampule was evacuated, sealed, and heated at 170 °C for
26 h. The solid was rinsed from the ampule with MeOH, the mixture was cooled and
filtered, and the filtered solid was dried in a vacuum oven at room temperature. This solid
(1.7 g colorless product) is a fine powder and very difficult to filter. A

NMR spectrum
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was compared with that of the starting material in the IBM NR100 computer because of the
possibility of substitution at both the ortho and meta positions on the ring; the product
appeared to be 100 % deuteriated at the ortho positions. The

spectrum shows a small

shoulder that could be meta substitution. Spectra were run in deuteriated and
nondeuteriated dimethyl sulfoxide (Aldrich). A decoupled inverse gated 13c spectrum was
run in dimethyl sulfoxide to check on the position of the deuteriation, Figure 5.3. The
spectrum integrated very well and showed the deuteriation to be in the ortho positions. The
MS of this compound is not easily interpreted by either GC or El techniques, because the
hydroxyl group of the phenol gives a broad peak.
If this reaction is to be rerun, try using THF as a solvent to get the 4,4'biphenol into the
ampule. Do not use MeOH to remove the sample from the ampule, just wash it out with
water.
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Figure 4.3. An inverse-gated NMR spectrum of deuteriated 4,4-biphenol in
DMSO, showing the *3C atom positions with integration. Deuteriation is
demonstrated by the broad peak at the ortho position.
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5.3.2 Polymer Preparation. For ADLF spectroscopy, it was not necessary to
achieve high molecular weight polymers. A clean, easy to manage, powder was essential.
Generally accepted laboratory methods were used satisfactorily in this step.^l
The main problem was the insolubility of the polymers, which made molecular weight
determinations very difficult. A time of flight plasma desorption MS was not able to give a
molecular weight response even when the parent ion range was scanned for weights to
20,000. Large samples, up to 34 |ig, were applied to foils with cellulose pads. Washing or
not washing the foils before use did not help in the analysis. The MS data did not
conclusively prove that the molecular weight is above 20,000.
The use of DMF caused the polymers to form unusable gels. They did swell slightly in
nitrobenzene, but this solvent could be leached out.. The polymers were not soluble in
methanol, acetone, ethyl acetate, THF, ethanol, benzene, 1,2- dichloroethane, 1,1,2,2,tetrachloroethane, or trichloroethylene.27 A 1% solution of polymer was obtained by
heating the solid in DMF. Most of the polymer stayed in the DMF solution at room
temperature.
5.3 .2 .I.

P oIy(4,4'-B iphenylene [2,2,3,3-2 H 4 ]s u c c in a te )

When nitrobenzene (10 mL, Baker, AR) was added to the crude deuteriated succinoyl
chloride reaction vessel (5.3.1.2.), a golden solution resulted. The flask was charged,
while stirring, with solid 4,4-biphenol (3.72 g, 0.02 mol, A ldrich) and slow heating was
begun. At 43 °C HC1 began to evolve, at 71 °C the mixture was in solution, at 88 °C solid
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began to form, and at

100

the total heating time was

°C stirring was no longer possible. Heating was discontinued;
1 1 /2

h. The rubbery polymer was scraped from the flask with

hot MeOH and filtered, and the filtered solid was extracted with MeOH in a Soxhlet
extractor for 2 4 h. The filtered solid was dried in a vacuum oven at 4 0 °C,

(4 .2

g, 9 0 %

yield). The dried product is very electrostatic and difficult to pulverize. The usual organic
solvents did not dissolve this material. Several different chlorinated solvents were used to
dissolve the polymer with little

s u c c e s s .2 7 ,2 8

The product is slightly soluble in

1 ,1 ,2 ,2 ,-

tetrachloroethylene (Dow). Time of flight MS was inconclusive; possibly the molecular
weight is above 2 0 , 0 0 0 . MSL spectra are in Chapter 2 .
S.3.2.2.

Poly(4,4'-Biphenylene [2,2,4,4-2 H 4 ]a d ip a te )

To a 100 mL, three-necked, round-bottom flask, flushed with nitrogen, and equipped
with a condenser, thermocouple well, magnetic stirrer, and drying tube, 3.46 g (0.18 mol)
of 4,4-biphenol (Aldrich) was added. The crude filtrate of deuteriated adipoyl chloride
(4.3.1.4) diluted with 10 mL of nitrobenzene (Baker, AR) was added. At 80 °C the
reaction mixture could no longer be stirred (30 min). Heating was stopped, the rubbery
polymer was scraped and washed from the flask with hot MeOH, the mixture was filtered,
and the filtered solid was washed with hot acetone followed by a hot DMF wash. In DMF
a gel, that could not be broken with other solvents or by centrifuging, formed. The sample
was dried at 60 °C in a vacuum oven. Much product was lost due to the gel formation and
mechanical handling; 1.4 g of cream colored powder was obtained. This polymer is very
insoluble in ordinary organic solvents and in c h l o r o c a r b o n s . 2 7 , 2 8
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5.3.2.3.

Poly(4,4'-[2,2',6,6'-2H 4]B iphenylene

Succinate)

n

To a 100 mL, three-necked, round-bottom flask flushed with nitrogen, and equipped
with a condenser, thermocouple well, magnetic stirrer, and drying tube, 0.96 g (0.005
mol) of 4,4'-[2,2',6,6'-2H4]biphenol (4.3.1.5) and 8 mL of nitrobenzene (Baker, AR)
were added. Succinoyl chloride (0.55 mL, 0.005 mol, Aldrich) was pipetted into the
stirred mixture. Heating was begun. Between 120 and 140 °C, HC1 evolution began but
ceased by 150 °C. The reaction mixture was stirred overnight. The colorless solid was
washed with hot MeOH and filtered, and the filtered solid was washed with acetone and
was dried in a vacuum oven at 60 °C; yield, 1.16 g. The solid was then extracted in a
Soxhlet extractor with MeOH for 24 h. The filtered solid was dried in a vacuum oven at
60 °C; yield, 1.1 g of colorless solid.
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5.4. M iscellaneous Preparations
5.4.1.

3,3',5,5'-T etra-/er/-b u tyI-4,4, -b ip h en o l.

O

O

Na^ 2 ° 4

//'

The quinone starting material for this compound was prepared by Paul Hale, who was
a student in Professor W. H. Daly's research group at LSU. It was hoped that the tertbutyl groups on the reduced species could be used as carbocations leaving groups, thus
allowing deuterium exchange. This reaction did not work under either acidic or basic
conditions. The 4,4'-biphenol was successfully deuteriated as in 5.3.1.5. Single crystal
X-ray analysis of the substituted quinone, substituted biphenol and 4,4'-biphenol will be
submitted for p u b l i c a t i o n . 2 9 The text containing the X-ray data is in Chapter 6.
This reduction is s t r a i g h t f o r w

a rd ,

30 however, it is essential for all the quinone to be in

solution before the reduction begins and for enough reducing agent be added to get an
instant color change from bright purple to yellow. If this change does not occur, a
combination of both starting material and 3,3',5,5'-Tetra-rm-butyl-4,4'-biphenol, that is
not easy to separate, is obtained.
In a 250 mL beaker,1.5 g (0.004 mol), of 3,3',5,5'-Tetra-tm-butyl-4,4'-
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diphenoquinone (Paul Hale / Prof. Daly) was dissolved in about 30 mL of dichloromethane
(Dow) with heating. Methanol (15 mL, Dow) was added. The starting material must be in
solution; if it begins to precipitate, add more dichloromethane. Sodium hydrosulfite (1.7 g,
0.01 mol, Fisher) was dissolved in 10 mL of water and poured, with stirring, into the
beaker. The immediate color change from purple to yellow was accompanied by the
formation of colorless solid (sodium sulfate). The reaction mixture was stirred for 20 min
and extracted with diethyl ether (Baker) twice. The organic layer was dried, filtered, and
evaporated to a small volume. On cooling, 1.3 g of product was filtered off. A lH NMR
spectrum (CCI4) was as expected. X-ray analysis confirmed the structure, Chapter 6.
5.4.2. [9 -^ H ]F lu o re n e .

This compound was prepared as a standard for our spectroscopic work. It was used as
a reference in the dissertations of W. L. Jarrett Jr.31 and M I. A l t b a c h . 3 2
Crude fluorene (Baker, technical) was sublimed, mp 115-118

° C .3

1 h NMR (CCI4)

spectroscopy still showed some small amount of contamination in the aliphatic region,
however, the material was pure enough for further use.
The original plan was to made the dideuteriated product by removing the proton from
fluorene with butyllithium, adding hexadeuteriated acetone and initiating a chain reaction
that would lead to the dideuteriated species when quenched with ^HjO. The pKa of
acetone is 2 0 , 2 3 for fluorene, and 4 0 for b u t y l l i t h i u m

.3 3

in err0r 2H 2O was not added.

A monodeuteriated product was obtained; it turned out to be an interesting compound for
spectral study.
To a 100 mL, three-necked, round-bottom flask flushed with nitrogen, and equipped
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with a glycol chilled condenser, bubbler, rubber septum, thermocouple well, and magnetic
stirrer, 0.5 g (0.003 mol) of fluorene (sublimed) was added. THF (10 mL, freshly
distilled from Na) was added from a syringe to form a solution. Butyllithium (1.9 mL,
0.003 mol, 1.6 M in hexane, Aldrich) was syringed into the flask, while the reaction
mixture was cooled with an ice bath. The addition temperature was between 6 -1 0 °C. An
orange solution resulted. The reaction mixture was stirred for 20 min without the bath, and
0.2 mL (0.003 mol) of hexadeuteriated acetone (Aldrich) was syringed into the flask. No
great color change was noted, so 0.8 mL more of hexadeuteriated acetone was added. A
pale pink solution was left to stir at room temperature for 72 h. The reaction solution was
concentrated on a rotary evaporator and extracted with diethyl ether (Baker, AR). The solid
was crystallized from hexane: crop 1,0.078 g, mp 114-115 °C. MS spectroscopy showed
mostly monodeuteriation but very little dideuteriation.

NMR spectroscopy (CCI4)

integrated for ~56% deuteriation at the 9 position.
5.4.3. [9 ,9 -2 H 2 ]F lu o ren e.

2H v

2h

This compound was prepared as a standard for our spectroscopic work. It was used as
a reference in the dissertations of W. L. Jarrett Jr.31 and M I. A l t b a c h . 3 2 Since the pKa of
acetone and fluorene are so similar, acetone was not employed in this preparation.
To a 100 mL, three-necked, round-bottom flask flushed with nitrogen, and equipped
with a glycol chilled condenser, bubbler, rubber septum, thermocouple well, and magnetic
stirrer, 1.5 g (0.009 mol) of fluorene (sublimed) was added. THF (10 mL, freshly
distilled from Na) was added from a syringe to form a solution. Butyllithium (5.6 mL,
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0.009.mol, 1.6 M in hexane, Aldrich) was syringed into the flask, while the reaction
mixture was cooled with an ice bath. The addition temperature was between 6 -1 0 °C. An
orange-brown solution resulted. The reaction mixture was stirred for 20 min without the
bath, then 0.18 mL (0.009 mol) of

was added by syringe. A pale yellow solution

resulted, and LiO^H precipitated. The solution was decanted from the solid, and ~90%
monodeuteriation was assumed in the first pass. The solution was placed in a clean, dry,
round-bottom flask, and the addition of butyllithium repeated as before. Some of the
butyllithium was consumed by an excess of

in the first quench. The second addition

was carefully continued until the orange-brown color stayed. The reaction mixture was
stirred for 10 -15 min at room temperature, quenched with ^H2 0 , decanted, and run
through the reaction sequence twice more. The liquid was concentrated to a small volume
on a rotary evaporator, pipetted into a sublimator, and left exposed to air overnight. On
sublimation, the colorless solid, 1.5 g, showed ~75 % deuteriation by
spectroscopy (CCI4).

NMR

NMR spectroscopy (CCI4) showed only one peak at the alpha

position. The ADLF data have been p u b l i s h e d . 4 > 3 4 , 3 5
References for C h ap ter 4
1.

Pouchert, C. J. The Aldrich Library o f NMR Spectra, 2nd ed.; Aldrich Chemical:
Milwaukee, 1983; 2 vols.

2.

Jackisch, M. A.; Jarrett, W. L.; Guo, K.; Fronczek, F. R.; Butler, L. G. Polym.
Prepr., Am. Chem. Soc. Div. Polym. Chem. 1987,28(1), 204.

3.

The Merck Index, 10th ed; Windholz, M., Ed; Merck: Rahway, NJ, 1983.

4.

Jarrett, W. L.; Guo, K.; Jackisch, M. A.; Butler, L. G. J. Magn. Reson., 1989,
82, 76-85.

5.

Jackisch, M. A.; Fronczek, F. R.; Guo, K.; Jarrett, W. L.; Park, Y. H.; Stauffer, M.
T.; Watkins, S. F; Butler, L. G., to be submitted for publication in Macromolecules.

6.

Jackisch, M. A.; Jarrett, W. L.; Guo, K.; Fronczek, F. R.; Butler, L. G. J. Am.
Chem. Soc. 1 9 8 8 ,110, 343-347.

169
7.

Rajan, S. S. Acta Crystallogr., Sect. B 1978,34, 998-100.

8.

a. Hovmoller, S; Norrestam, R.; Palm T. Acta Crystallogr., Sect. B 1977,33,
377-381.
b. Shields, K. G.; Kennard, C. H. J. Chem. Phys., Perkin Trans. 2 1977, 463465.

9.

March, J. Advanced Organic Chemistry, 3rd ed.; John Wiley & Sons: New York,
1985; Chapters 7-9.

10. Carey, F. A.; Sundberg, R. J. Advanced Organic Chemistry PartB, 2nd ed.;
Plenum: New York, 1983; Chapter 5.
11. Brown, H. C.; Subba Rao, B. C. J. Am. Chem. Soc. 1958, 80, 5377-5380.
12.

Rylander, P. N. Catalytic Hydrogenation over Platinum Metals, Academic: New
York, 1967; pp 246-249.

13. Trahanovsky, W. S.; Young, L. B.; Brown, G. L. J. Org. Chem. 1967,32,
3865-3868.
14.

Young, L. B.; Trahanovsky, W. S. J. Org. Chem. 1967,32, 2349-2350.

15. Lusztyk, J.; Lusztyk, E.; Maillard, B.; Ingold, K. U. J. Am. Chem. Soc. 1984,
106, 2923-2931.
16. Four, P.; Guibe, F. J. Org. Chem. 1981,46, 4439-4445.
17.

Albert, H. J.; Neumann, W. P. Synth. Commun. 1980, 942-943.

18. Wiberg, K. B. / . Am. Chem. Soc. 1954, 76, 5371-5375.
19. Hauser, C. R.; Hamuck, PI J. Jr.; Stewart, A. T. J. Org. Chem. 1956,21, 260.
20.

Organic Synthesis; Rabjohn, N. Ed.; John Wiley & Sons: New York, 1963; Col.
Vol. 4, pp 263-265.

21.

Sorenson, W. R.; Campbell, T. W. Preparative Methods o f Polymer Chemistry,
2nd ed.; Intersicience: New York, 1968; Chapter 3.

170
22. Panayotov, I. M.; Belcheva, N.; Tsvetanov, C. Makromol. Chem. 1987,188,
2821-2830.
23.

a. Serendnitskii, Y.A.; Shibanov, V.V.; Tolopko, D.K. Izv. Vyussh. Uchebn.
Zaved., Khim. Khim. Teknol. 1 9 7 4 ,17(3), 397-400.
b. Chem. Abstr. 1972, 374, 164209r.

24.

Atkinson, J. G.; Gsakvary, J. J.; Morse, A. T.; Stuart, R.S. in Proc. Int. Conf.
Methods Prep. Stor. Labelled Compd., 2nd, 1966; Sirchis J., Ed.; Eur. At. Energy
Community: Brussels, 1968; pp 675-682.

25.

Organic Synthesis; Blatt, A. H. Ed.; John Wiley & Sons: New York, 1943; Vol. 4,
pp 169-170.

26. Daly, W. H., Louisiana State Univeristy, personal communication, 1987.
27. Polymer Handbook, 2nd ed.; Brandrup, J.; Immergut, E. H. Eds.; John Wiley &
Sons: New York, 1975, Chapter 4.
28. Poche, D., Lee, S., Geiger, C., Louisiana State Univeristy, personal
communication, 1988.
29. Jackisch, M. A., Daly, W. H., Fronczek, F., Hale, P., Buter, L., submitted for
publication in Acta Crystallogr., Sect. C.
30.

Kharasch, M. S.; Johi, B. S. J. Org. Chem. 1957,22, 1439.

31. Jarrett Jr, W. L. Ph.D. Dissertation, Louisiana State University, May 1988.
32.

Altbach, M. I. Ph.D. Dissertation, Louisiana State University, December 1988.

33.

March, J. Advanced Organic Chemistry, 3rd ed.; John Wiley & Sons: New York,
1985, Chapters 8 & 9.

34.

Altbach, M. I; Hiyama, Y.; Gerson, D.; Butler, L. G. J. Am. Chem. Soc. 1987,
109, 5529-5531.

35.

Jackisch, M. A.; Jarrett, W. L.; Guo, K.; Fronczek, F. R.; Butler, L. G. Polym.
Prepr., Am. Chem. Soc. Div. Polym. Chem. 1987,28(2), 298.

Chapter Six

Crystal Structures

6.1. Structures of Three Related Biphenyl Compounds: 4,4'-Biphenol, 3,3',5,5'-Tetrarm-Butyl-4,4'-Biphenol, and 3,3'.5,5'-Tetra-tm-Butyl-4,4'-Diphenoquinone

6.2. The Structure of 4-Nitrobenzaldehyde
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Structures of Three Related Biphenyl Compounds: 4,4'-Biphenol, 3,3’,5,5'-Tetra-rmButyl-4,4'-Biphenol, and 3,3',5,5'-Tetra-tm-Butyl-4,4'-Diphenoquinone

By Margo A. Jackisch, Frank R. Fronczek, C. Cecil Geiger, Paul S. Hale,
William H. Daly, and Leslie G. Butler*
Department of Chemistry, Louisiana State University,
Baton Rouge, LA 70803, USA
* To whom correspondence should be addressed.

6.1.1. A bstract. 4,4'-Biphenol ( I ) C 12H 10O2’ Mr = 186.2, monoclinic, P2j/c,
a = 10.5512 (9),

b

= 5.359 (2), c = 7.9939 (8) A, p = 95.736(8)°, V = 449.7(6) A3,

Z = 2, Dx = 1.375 g cm '3, X(CuKa) = 1.54184 A, \i = 7.13 cm’ 1, F(000) = 196,
T = 299 (1) K, R = 0.037 for 738 reflections with I > 3a(I) (919 unique observations).
This is a redetermination; the original study was based on visually estimated film data, with
R = 0.20 for 240 observations. (Akhmed, Farag & Amin (1971), J. Struct. Chem. (Engl.
Transl.), 12, 676-677; (1971) Zh. Strukt. Khim., 12, 738-739). The molecule is
centrosymmetric, and the biphenyl ring system is planar, with average deviation 0.002(1)
A. The oxygen atom lies 0.013(1) A out of this plane, and the hydroxy H atom lies
0.26(2) A out of plane. The central C -C bond has length 1.4954(12) A, and the C-O bond
1.3845(8) A. Chains of hydrogen bonds along the b direction exist, with O—O 2.8940(4)
A and a 167(2)° angle atH.

(I)
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3,3',5,5'-Tetra-rm-butyl-4,4'-biphenol ( I I ) C28H42O2, Mr = 410.6, orthorhombic,
Fdd2, a = 20.719 (3), b = 19.905 (3), c = 12.836 (2)A, V = 5293.7 (14) A3, Z = 8,
Dx = 1.030 g cm '3, A(CuKa) = 1.54184 A, |i = 4.49 cm '1, F(000) =1808, T = 298 (1)
K, R = 0.032 for 1031 reflections with I > 3c(I) (1457 unique observations). The long
axis of the molecule lies along a 2 fold axis. The two phenyl rings are twisted slightly with
respect to each other, forming a dihedral angle of 159.4(2)°. One of the rings exhibits out
of plane deviations of 0.01(2) A for its off-axis atoms, while these deviations are 0.001(2)
A for the other ring. The central C-C bond of the molecule has length 1.486(4) A, with the
C-O bond lengths are 1.385(4) and 1.391(3) A. The C-C bonds of the rm-butyl groups
range 1.527(3) - 1.545(4) A in length. Each of the hydroxyl H atoms is disordered into
two equally populated positions.

(I I )

3,3',5,5’-Tetra-/m-butyl-4,4'-diphenoquinone ( I I I ) C28H40O2, Mr = 408.6,
triclinic, P i, a = 6.1004 (10), b = 10.4197 (11), c = 10.5260 (14) A, a = 81.490 (8),
(5 = 75.991 (11)°, Y = 81.582 (14)°, V = 637.8 (2) A3, Z = 1, Dx = 1.064 g cm"3,
X(CuKa) = 1.54184 A, p. = 4.65 cm’ 1, F(000) = 224, T = 295 (1) K, R = 0.045 for 2199
reflections with I > 3a(I) (2628 unique observations). The molecule is centrosymmetric.
The six-membered ring exhibits small but significant deviations from planarity, with
maximum deviation 0.015(1) A, and a pattern indicative of a twist. The axis of the twist
passes through carbon atoms bearing a rm-butyl group. The bond distance pattern in the
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quinone moiety exhibits the expected shortenings, with the two C-C bonds parallel to the
carbonyl having lengths 1.3474(8) - 1.3477(8) A, while the other four range 1.4474(8) 1.4862(9) A. The C= 0 distance is 1.2245(8) A, and the central C=C bond is shortened
with respect to that of (II), 1.3972(11) A. The C-C bonds of the rm-butyl group range
1.5306(10)- 1.5374(11) A.

( IH)

6.1.2. Experim ental. Intensity data for all three structures were obtained on a EnrafNonius CAD-4 diffractometer with a graphite incident-beam monochromator using Cu K a
radiation. The (0-20 scans were made at variable scan rates. Absorption corrections were
based on \j/ scans. All structures were solved by direct methods using MULTAN (Main,
Fiske, Hull, Lessinger, Germain, Declercq & Woolfson. 1980). The structures were
refined by full-matrix least squares with Enraf-Nonius SDP (Frenz, 1985), where the
function minimized was ^ w ( | F0| - 1Fc| ) 2 and the weight, w, was defined as
4F$Lp2/[S2(C + R2B) + (0.020F£)2], S = scan rate, C = integrated count, R = scan
time/background time, and B = background count. Atomic scattering factors, including
those for anomalous dispersion, were taken from International Tables fo r X-ray
Crystallography (1974). C and O atoms were refined anisotropically. H atoms were
located in difference maps and were refined isotropically for I and HI. They were placed in
calculated positions for II, with C-H distance 0.95 A and B = 1.3 Beq for the bonded C
atom. Each of OH hydrogen atoms in II is disordered into two 50% occupied sites; these
atoms were included as fixed contributions.
Compound (I) was purchased from Aldrich and recrystallized from ethanol/water (1/5).
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Details of the data collection and structural refinement are given in Table 6.1.1a. Final
positional and equivalent isotropic thermal parameters are given in Table 6.1.2,* bond
lengths, Table 6.1.3., bond angles, Table 6.1.4., and torsion angles, Table 6.1.5.see
Appendix 2. Figure 6.1.1 shows the molecule and the atomic numbering scheme.
Compound (II) was prepared by reducing (III) with sodium hydrosulfite (Kharasch &
Johi, 1957). Crystals were grown for X-ray analysis in diethyl ether. Details of the data
collection and structural refinement are given in Table 6.1.1b. Final positional and
equivalent isotropic thermal parameters are given in Tables 6.1.6a,b,* bond lengths, Table
6.1.7., bond angles, Table 6.1.8., and torsion angles, Table 6.1.9., see Appendix 2.
Figure 6.1.2. shows the molecule and the atomic numbering scheme.
Compound (HI) was prepared by passing oxygen through a vigorously stirred solution
of 2,6-rm-butylphenol, CuCl, and N,N,N',N'-tetramethylethylenediamine in 95%
ethanol (Hay, 1969). Crystals were grown for X-ray analysis in ethyl acetate. Details of
the data collection and structural refinement are given in Table 6.1.1c. Final positional and
equivalent isotropic thermal parameters are given in Table 6.1.10a,b,*bond lengths, Table
6.1.11., bond angles, Table 6.1.12., and torsion angles, Table 6.1.13., see Appendix 2.
Figure 6.1.3.shows the molecule and the atomic numbering scheme.
6.1.3. Related literature. Original crystal structure of ( I ): Akhmed, Farag, Amin
(1971). The structure of hydroquinone: Maartmann-Moe (1966): structure of 2,6-di-rmbutyl-4-phenylphenol: Bekkouch, Perrin,Thozet (1988) related to our compounds (I) and
(II): structure of p-benzoquinone: Trotter (1960).

* Lists of structure factors, anisotropic thermal parameters, bond lengths and bond angles involving H
atoms, H-atom parameters and least-squares planes have been deposited with the British Library Document
Supply Centre as Supplementary Publication No. SUP

( pp.). Copies may be obtained through The

Executive Secretary, International Union of Crystallography, 5 Abbey Square, Chester CHI 2HU, England.
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Figure 6.1.1. ORTEP of 4,4'-Biphenol (I) showing the atom-labeling scheme.
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Figure 6.1.2. ORTEP of 3,3’,5,5'-TetTa-rm-butyl-4,4'-biphenol (II) showing the
atom-labeling scheme. The hydroxy hydrogen positions are half populated
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Figure 6.1.3. ORTEP of 3,3\5,5'-Tetra-rerr-butyl-4,4'-diphenoquinone (III)
showing the atom-labeling scheme.
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Table 6.1.1a.
Experimental Details
4,4'-Biphenol (I)

Crystal

Colorless
0.05 x 0.24 x 0.53 mm

Unit cell
Standards

25 reflections 25 < 0 < 30°
500, 040, 002
0.014
Background, Lorentz, polarization.
Empirical absorption [0.8616 - 0.9963 on (I)]

R-int
Corrections
20 range (°)
hkl

Reflections

4 -1 5 0 (Full sphere)
h = -13 to 13
k = -6 to 6
1 = -10 to 10
3684 total
919 unique

Parameters refined
R, wR, R (all)
Goodness of fit, S
Maximum shift / e.s.d.

738 with I > 3 a (I)
85
0.037, 0.052, 0.044
2.373
0.03

Ap (e A '3)
H atoms
Extinction

0.16, -0.14
refined, iso
1.88(9) x lO-5
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Table 6.1.1b.
Experimental Details
3,3',5,5'-Tetra-im-butyl-4,4'-biphenol (II)

Crystal

Yellow
0.13 x 0.23 x 0.33 mm

Unit cell
Standards

25 reflections 22 < 0 < 21°
800, 220, 004
0.018
Background, Lorentz, polarization.
Empirical absorption [0.9346 - 0.9941 on (I)]

R-int
Corrections
20 range (°)
hkl

Reflections

4 -1 5 0 (2 octants)
h = 0 to 24
k =0 to 24
1 = -16 to 16
2912 total
1457 unique

Parameters refined
R, wR, R (all)
Goodness of fit, S
Maximum shift / e.s.d.

1031 with I > 3a (I)
139
0.035, 0.037, 0.055
1.531
0.01

Ap (e A'3)
H atoms
Extinction

0.13, -0.10
Fixed contributions
5.2(2) x IQ’5
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Table 6.1.1c.
Experimental Details
3,3',5,5 '-Tetra-rm-butyl-4,4'-diphenoquinone (III)

Crystal

Yellowish-red transmitted
Metallic purple reflected
0.10 x 0.30 x 0.55 mm

Unit cell
Standards

25 reflections 20 < 0 < 30°
200, 020, 004
0.011
Background, Lorentz, polarization.
Empirical absorption [0.8861 - 0.9978 on (I)]
Linear decay [ 0.9825 - 1.0968 on (I)]

Rint
Corrections

20 range (°)
hkl

Reflections

Parameters refined
R, wR, R (all)
Goodness of fit, S
Maximum shift / e.s.d.
Ap (e A-3)
H atoms
Extinction

4 -1 5 0 (Full sphere)
h = -7 to 7
k = -13 to 13
1 =-13 to 13
5266 total
2628 unique
2199 with I > 3ct (I)
217
0.045, 0.070, 0.051
3.641

0.02
0.24, - 0.26
refined, iso
1.36 (4) x IQ’5
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(Submitted to Acta Crystallographica C, May 1989)

The Structure of 4-Nitrobenzaldehyde

By Margo A. Jackisch, Frank R. Fronczek, and Leslie G. Butler*
Department of Chemistry, Louisiana State University,
Baton Rouge, LA 79803, USA
* To whom correspondence should be addressed.

6.2.1. A bstract. 4-Nitrobenzaldehyde, C7H5NO3, Mr = 151.1, monoclinic, P2l5
a = 6.2076 (3), b = 5.0968 (4), c = 10.6723 (7) A,

p=

95.222(5)°, V = 336.3(1) A3,

Z = 2, Dx = 1.492 g cm '3, X(CuKa) = 1.54184 A, \i = 9.74 c m '1, F(000) = 156,
T = 297 (1) K, R = 0.040 for 1191 reflections with I > 3a(I) (1372 unique observations).
The carbonyl oxygen atom exhibits a slight disorder, having 10% occupancy in a site
nearly coincident with the aldehydic H atom. The molecule shows only small deviations
from overall planarity, with mean deviation 0.014 A and largest individual deviations
0.032(1) and -0.022(2) A for the oxygen atoms of the nitro group. The N -0 distances are
1.213(2) and 1.227(2) A, and the C= 0 distance for the major contributor is 1.204(2) A.
6.2.2. Experim ental. The compound ( I ) was prepared by reducing 4-nitrobenzoyl
chloride with tributyltin deuteride: Lusztyk, Lusztyk, Maillard & Ingold (1984) and Four &
Guibe (1981). Crystals for analysis were grown in benzene/hexane, 6/1. Deuterium
substitution was desired on the aldehydic hydrogen for observation in low-temperature
zero-field NMR spectroscopy. Torsion angles were needed for the NMR study, so the
structure of ( I ) was determined.
Intensity data for ( I ) were obtained on a Enraf-Nonius CAD-4 diffractometer with a
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graphite incident-beam monochromator using Cu K a radiation. The to - 20 scans were
made at variable rate. Absorption corrections were based on \jr scans. Details of data
collection and structural refinement are given in Table 1. The structure was solved by
direct methods using MULTAN (Main, Fiske, Hull, Lessinger, Germain, Declercq &
Woolfson. 1980). The structure was refined by full-matrix least squares with EnrafNonius SDP (Frenz, 1985), where the function minimized was ^ w ( |F0| - |FC| ) 2 and the
weight, w, was defined as 4F$Lp2/[S2(C + R2B) + (0.020F2)2], S = scan rate, C =
integrated count, R = scan time/background time, and B = background count. Atomic
scattering factors, including those for anomalous dispersion, were taken from International
Tables fo r X-ray Crystallography (1974). Except as described below, the C, N, and O
atoms were refined anisotropically. H atoms were located by difference maps and refined
isotropically. The aldehydic H atom initially refined to a position 1.2 A from C7, with a
negative isotropic thermal parameter. This observation was interpreted as a slight disorder
(~10%) of the carbonyl oxygen atom 03. Atom 0 3 was assigned occupancy 90% and
refined anisotropically. 0 3 ' was placed in a position related to 0 3 by 180° rotation about
the C4-C7 bond, assigned occupancy 10%, and refined isotropically. The aldehydic H
atom was placed in a calculated position 0.95 A from C7 and fixed with occupancy 90%
and B = 1.3 x Beq of C7. The refinement converged with R = 0.04014, Rw = 0.05595,
S = 2.671, while refinement of the alternate enantiomorph yielded R = 0.04021, Rw =
0.05600, S = 2.674.
Final positional and equivalent isotropic thermal parameters are given in Table 6.2.2,*
bond lengths, Table 6.2.3., bond angles, Table 6.2.4., and torsion angles, Table 6.2.5,
see Apendix 2. Figure 6.2.1. shows the molecule and the atomic numbering scheme.
*Lists o f structure factors, anisotropic thermal parameters, bond lengths, bond angles involving H, H-atom
parameters and least-squares planes have been deposited with the British Library Document Supply Centre
as Supplementary Publication No. SUP

(

pp.). Copies may be obtained through The Executive

Secretary, International Union of Crystallography, 5 Abbey Square, Chester CHI 2HU, England.
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6.2.3. Related literature. The crystal structure of 4-nitrobenzoic acid shows a 13.7°
dihedral angle between the nitro group and the plane of the ring due to a twist about the CN bond: Colapietro & Domenican (1977). Similar displacement from the plane of the ring
has been found in the |3 modification of 4-nitrophenol: Coppens & Schmidt (1965). A
neutron diffraction study of 2-nitrobenzaldehyde to examine possible intramolecular
hydrogen bonding found neither substituent of the ortho substituted benzaldehdye to be
coplanar with the ring: Coppens (1964). The crystal structure of 2-nitrobenzaldehyde has
been determined: Coppens & Schmidt (1964).
A cknow ledgem ent
The support of the donors of the Petroleum Research Fund, administered by the American
Chemical Society and the Louisiana Educational Quality Support Fund is gratefully
acknowledged.
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Figure 6.2.1.

ORTEP

of 4-nitrobenzaldehyde (I) showing the atom-labeling scheme.

Table 6.2.1.
Experimental Details
4-nitrobenzaldehyde

Crystal

Very pale yellow
0.15 x 0.30 x0.38 mm
Capillary mounted

Unit cell

25 reflections 25 < 0 < 30°

Standards

400, 020, 006

Rint
Corrections

0.015, Friedel equivalents not averaged
Background, Lorentz, polarization.
Empirical absorption [0.9171 - 0.9962 on

20 range (°)

4 -150 (Full sphere)

hkl

h = -7 to 7
k = -6 to 6
1 =-13 to 13

Reflections

2887 total
1372 unique
1191 with I > 3 o (I)

Parameters refined

120

R, wR, R (all)

0.040, 0.056, 0.048

Goodness of fit, S

2.671

Maximum shift / e.s.d.

0.14

Ap (e A'3)

0.26, -0.30

H atoms

refined, iso

Chapter Seven

Conclusion and Future Work
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Solid-state zero-field deuterium NMR spectroscopy has been used to observe
inequivalent sites in deuteriated arylacetic acids. In particular adiabatic demagnetization in
the laboratory frame, ADLF, NMR Spectroscopy, which yields solid-state spectral
linewidths of 1-2 kHz, has shown a clear difference between the two deuterons in the
Caipha position on arylacetic acids. ADLF double quantum transitions have been used to
prove that the two deuterons are really on the same carbon atom. The application of small
magnetic fields in the zero-field region of the spectral cycle have shown that the
absorbances observed are for two magnetically different deuterons on the same carbon.
X-ray crystallographic analyses of these arylacetic acids has provided data for the
defined torsion angles 0, 2H-Caipha-Cacid-0 H >311(1

c ortho-Qing-Galpha-Cacid- The

original Karplus equation which had been developed for three bond J coupling in solution
NMR spectroscopy has been modified to fit solid-state deuterium NMR spectroscopy. The
torsion angles and the calculated deuterium quadrupole coupling constants were plotted on
a Karplus-type curve.
For the initial modification of the equation, a least squares fit for the A parameter from
experimentally generated quadrupole coupling constants was calculated and GAUSSIAN 82
was employed to determine the B and C parameters, equation 1.
e2qzzQ/h = A + B cos(0) + C cos(20)

(1)

where 0 is the ^H-C-C-X torsion angle to be measured.
When an inequivalency of the deuterons in some compounds with respect to the ring
system was observed, equation 1 was further modified with the introduction of a sin(2<|>)
term, equation 2.
e2qzZQ/h(exp) = 169.4(3) - 0.5491 cos(0) - 2.6(4) cos(20) - 1.2918 sin(2<)>)

(2)

From the three dimensional graph generated by plotting 0, <|>and the quadrupole
coupling constant, the torsion angles of a compound for which no X-ray data is available,
2-phenyl[2,2-2H2]acetic acid, have been predicted. This demonstrates that this method is
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applicable to other compounds with alpha deuteriated substituents of the ^H-C-C-X type
where X can be a heavy atom.
We now believe structural analysis based on torsion angles of this type must take into
account aspects of the molecular environment. However once a particular system is
examined and fitted to a modified Karplus-type graph, we are confident this work can be
applied to amorphous systems.
In continuing this work and in considering other H-C-C-X torsion angles. The effects
of two ring substitution on the Cgjpha position needs further investigation. Molecular
orbital calculations have been performed on single ring substituted arylacetic acids; no
attempt has been made to examine a double ring system via molecular orbital calculations.
The effect of substitutents on the ring was thought to have an effect on the deuterium
Calpha quadrupole coupling constant. For this reason three (CO-2h >deuteriated
benzaldehydes were prepared. Although new evidence points to intermolecular interactions
as a prime source for low values of the deuterium quadrupole coupling constant, ADLF
spectroscopy should be attempted on these aldehydes. Three different deuteriated
polyesters have been prepared and appear to have a level of deuteriation suitable for ADLF
study. If these amorphous deuteriated polyesters show an inequivalency of their deuteron
positions in ADLF spectroscopy, then deuteriated polysulfones or ketones would also be
good candidates for study. Crystal packing forces, changes in the crystalline symmetry of
the molecules at very low temperatures, 77 K, and intermolecular interactions with nearby
molecules should be of prime concern in any further study of this nature.

Appendices

1. Crystallographic Tables from Chapter 4

2. Crystallographic Tables from Chapter 6
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Table 4 . 2 . 1 .

P o s i t i o n a l P a r a m e t e r s and T h e i r
E stim ated Standard D e v i a t i o n s for
2 - ( 4 - F l u o r o p h e n y l ) a c e t i c Acid

Atom

X

z

y

Be q (A 2 >

F

0 . 5 3 8 0 ( 1 )

0 . 2 3 9 3 ( 6 )

0 . 0 7 6 7 ( 3 )

1 8 . 5 ( 1 )

01

0 . 9 0 0 4 ( 1 )

0 . 4 4 2 8 ( 4 )

0 . 4 1 0 8 ( 2 )

7.22(5)

02

0 . 9 9 1 9 ( 1 )

0 . 7 8 0 8 ( 4 )

0 . 3 8 6 1 ( 2 )

7 . 6 2 ( 5 )

Cl

0 . 9 1 8 4 ( 2 )

0 . 6 4 8 9 ( 6 )

0 . 3 5 3 7 ( 3 )

6.00(6)

C2

0 . 8 5 8 3 ( 2 )

0 . 7 7 3 0 ( 7 )

0 . 2 3 9 2 ( 3 )

8 . 4 5 ( 8 )

C3

0 . 7 7 2 6 ( 2 )

0 . 6 3 0 9 ( 6 )

0 . 1 9 7 3 ( 3 )

6 . 1 4 ( 6 )

C4

0 . 6 9 8 6 ( 2 )

0 . 6 8 9 4 ( 8 )

0 . 2 5 3 6 ( 4 )

8 . 9 0 ( 9 )

C5

0 . 6 1 8 4 ( 2 )

0 . 5 5 5 7 ( 9 )

0 . 2 1 2 2 ( 5 )

10.8(1)

C6

0 . 6 1 7 0 ( 2 )

0 . 368(1 )

0 . 1 1 5 0 ( 4 )

1 0 . 9 ( 1 )

Cl

0 . 6 8 7 6 ( 3 )

0 . 3 0 6 8 ( 8 )

0 . 0 5 8 4 ( 4 )

1 0 . 4 ( 1 )

C8

0 . 7 6 5 3 ( 2 )

0 . 4 3 9 2 ( 8 )

0 . 0 9 9 6 ( 3 )

8 . 0 6 ( 9 )

The e q u i v a l e n t
i s o t r o p i c
r e f in e d
a n i s o t r o p i c a l l y ,

Be g

=

4 /3

( a 2 0 1;l

+

th erm al p a r a m e te r ,
fo r
atom s
i s
d e f in e d
by th e
e q u a tio n :

b 2 3 22

+

c 2 ^33

+

ac|31 3 cos|3)
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Table

4.2.2.

P o s i t i o n a l P a r a m e t e r s and T h e i r
Estim ated Standard D e v i a t i o n s fo r
2 - ( 4-Bromophenyl) a c e t i c Acid
2

Atom

x

y

z

B rl

0 . 5 6 1 5 6 ( 3 )

0 . 0 6 6 8 ( 1 )

01

0 . 8 9 5 2 ( 2 )

0 . 4 7 9 8 ( 8 )

02

0 . 9 9 6 0 ( 2 )

Cl

0 . 1 8 7 6 3 ( 4 )

B= r t ^
eq

5 . 8 0 ( 1 )

- 0 . 0 0 5 1 ( 3 )

6 . 5 ( 1 )

0 . 7 7 6 ( 1 )

0 . 1 0 4 1 ( 3 )

8 . 3 ( 1 )

0 . 9 1 72 (3)

0 . 6 7 6 ( 1 )

0 .0 6 6 4 ( 4 )

4 . 7 ( 1 )

C2

0 . 8 5 4 1 ( 3 )

0 . 8 3 6 ( 1 )

0 . 1 1 5 1 ( 5 )

6 . 1 ( 1 )

C3

0 . 7 8 1 6 ( 3 )

0 . 6 4 5 ( 1 )

0 . 1 3 0 1 ( 4 )

4 . 3 ( 1 )

C4

0 . 7 9 3 2 ( 3 )

0 . 5 1 5 ( 1 )

0 . 2 3 9 7 (4 )

5 . 0 ( 1 )

C5

0 . 7 2 7 7 ( 3 )

0 . 3 4 0 ( 1 )

0 . 2 5 6 2 ( 4 )

4 . 9 ( 1 )

C6

0 . 6 5 1 6 ( 3 )

0 . 3 0 0 ( 1 )

0 . 1 6 1 8 ( 4 )

4 . 0 ( 1 )

C7

0 . 6 3 9 3 ( 3 )

0 . 4 2 3 ( 1 )

0 . 0520( 4 )

4 . 8 ( 1 )

C8

0 . 7 0 4 6 ( 3 )

0 . 5 9 8 ( 1 )

0 . 0 3 7 3 ( 4 )

4 . 9 ( 1 )

The e q u i v a l e n t
i s o t r o p i c
r e f in e d
a n i s o t r o p i c a l l y ,

Beq

=

4 /3

(a 2 p i l

+

th erm al
p a r a m e te r ,
fo r
atom s
i s
d e f in e d
by th e
e q u a tio n :

b 2 p 22

+

^ 3 3

+

a c g ^ c o s P )

)
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Table

4.2.3.

P o s i t i o n a l P a r a m e t e r s and T h e i r
E stim ated Standard D e v i a t i o n s for
2 - ( 4 - N it r o p h e n y l)a c e t i c Acid

X

Atom

B

z

Y

(A2 )
eq'
'

0 . 0 5 9 0 3 ( 7 )

5 . 6 5 ( 2 )

0 . 0 2 2 9 2 ( 7 )

5 . 2 2 ( 2 )

0 . 3 6 6 6 3 ( 8 )

0 . 3 8 8 5 ( 1 )

9 . 5 4 ( 4 )

0 . 7 309(3 )

0 . 4 3 5 6 7 ( 8 )

0 . 2 7 3 5 ( 1 )

1 1 . 6 5 ( 5 )

N

0 . 6 8 9 8 ( 3 )

0 . 3 7 1 2 8 ( 8 )

0 . 3 0 9 7 ( 1 )

6 . 8 2 ( 3 )

Cl

0 . 7 8 4 2 ( 2 )

0 . 0 4 2 7 0 ( 9 )

0 . 0 5 9 4 0 ( 8 )

4 .3 1 ( 3 )

C2

0 . 6 0 7 6 ( 2 )

0 . 0 7 4 0 ( 1 )

0 . 1 0 0 5 ( 1 )

5 . 3 6 ( 3 )

C3

0 . 6 3 0 0 ( 2 )

0 . 1 5 2 8 8 ( 9 )

0 . 1 5 5 0 5 ( 9 )

4 .3 0 ( 3 )

C4

0 .6 2 4 1 ( 2 )

0 . 1 4 8 6 6 ( 8 )

0 . 2 4 6 6 ( 1 )

4 . 5 6 ( 3 )

C5

0 . 6 4 1 6 ( 2 )

0 . 2 1 9 5 ( 1 )

0 . 2 9 7 5 4 ( 9 )

4 . 8 2 ( 3 )

C6

0 . 6 6 9 2 (2 )

0 . 2 9 5 2 1 ( 9 )

0 . 2 5 5 9 ( 1 )

4 . 7 3 ( 3 )

C7

0 . 6 7 7 1 ( 3 )

0 . 3 0 1 9 ( 1 )

0 . 1 6 4 8 ( 1 )

5 . 5 9 ( 4 )

C8

0 . 6 5 6 2 ( 3 )

0 . 2 3 0 3 ( 1 )

0 . 1 1 5 3 ( 1 )

5 . 4 0 ( 3 )

01

0 . 9 3 0 3 ( 2 )

02

0 .7 6 9 8 ( 2 )

03

0 . 6 6 4 3 ( 3 )

04

The

e q u iv a le n t

r e f in e d

0 . 0 8 3 6 2 ( 7 )
- 0 . 0 3 0 4 7 ( 6 )

i s o t r o p i c

a n i s o t r o p i c a l l y ,

Beq “ 4 / 3

th erm a l
i s

p a r a m e te r ,

d e f in e d

( a f3l l +b P22 + c P3 3 )

by

th e

fo r

atom s

e q u a tio n :
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Table

4.2.4.

P o s i t i o n a l P a r a m e t e r s and T h e i r
Es tim a te d Standard D e v i a t i o n s for
2 - ( 1 -N aph th yl)a c e t i c Acid

y

X

itom

z

Be q ( A 2 '

01

0 . 0 4 4 1 ( 1 )

0 . 4 1 2 3 ( 3 )

0 . 9 0 0 1 5 ( 9 )

6 . 7 7 ( 4 )

02

0 . 0 7 0 6 ( 1 )

0 . 7 8 3 1 ( 3 )

0 . 9 6 9 6 9 ( 9 )

7 . 2 0 ( 4 )

Cl

0 . 1 9 4 7 ( 2 )

0 . 5 4 2 3 ( 4 )

0 . 7 7 2 1 ( 1 )

4 . 6 8 ( 5 )

C2

0 . 1 5 9 5 ( 2 )

0 . 5 0 6 4 ( 5 )

0 . 6 8 6 2 ( 1 )

6 . 1 6 ( 6 )

C3

0 . 2 0 4 1 ( 2 )

0 . 3 2 1 8 ( 6 )

0 . 6 3 0 2 ( 2 )

7 . 2 4 ( 7 )

C4

0 .2829( 2 )

0 . 1 7 0 6 ( 5 )

0 . 6 6 1 1 ( 1 )

6 . 6 1 ( 6 )

C5

0 . 4 0 7 0 ( 2 )

0 . 0 4 1 3 ( 5 )

0 . 7 8 2 3 ( 2 )

7 . 3 3 ( 6 )

C6

0 . 4 4 5 4 ( 2 )

0 . 0 7 0 8 ( 6 )

0 . 8 6 6 0 ( 2 )

8 . 9 1 ( 7 )

C7

0 . 4 0 4 1 ( 2 )

0 . 2 5 5 8 ( 6 )

0 . 9 2 1 9 ( 2 )

8 . 3 8 ( 7 )

C8

0 .3 2 3 3 ( 2 )

0 . 413 0 ( 5 )

0 . 8 9 2 9 ( 1 )

6 . 1 4 ( 6 )

C9

0 . 2 8 0 1 ( 1 )

0 . 3 8 7 7 ( 4 )

0 . 8 0 5 2 ( 1 )

4 . 3 6 ( 4 )

CIO

0 .3 2 3 5 ( 2 )

0 . 1 9 8 4 ( 4 )

0 . 7 4 9 1 ( 1 )

5 . 1 9 ( 5 )

C ll

0 . 1 4 4 8 ( 2 )

0 . 7 4 2 2 ( 5 )

0 . 8 2 9 9 ( 1 )

5 . 8 0 ( 5 )

Cl 2

0 . 0 8 2 5 ( 2 )

0 . 6 2 8 9 ( 4 )

0 . 9 0 4 0 ( 1 )

4 . 8 6 ( 5 )

The

e q u iv a le n t

r e f in e d

i s o t r o p i c

a n i s o t r o p i c a l l y ,

Beq = 4 / 3

(a2ei l

th erm al
i s

+ b 2 g 22 +

p a r a m e te r ,

d e f in e d

by

th e

fo r

atom s

e q u a tio n :

+ acfJ^cosP)
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Table

4.2.5.

Atom

P o s i t i o n a l P a r a m e t e r s and T h e i r
Estim ated Standard D e v i a t i o n s for
2 - ( 2 - n a p h t h y l)a c e t i c Acid

y

X

z

%

' *

2 >

01

0 . 9 1 9 8 3 ( 5 )

- 0 . 0 7 3 2 ( 2 )

0 . 9 3 2 4 ( 1 )

5 . 3 6 ( 2 )

02

0 . 9 8 5 4 2 ( 5 )

0 . 1 5 8 8 ( 2 )

0 . 8 1 4 8 ( 1 )

6 . 5 2 ( 3 )

Cl

0 . 7 6 5 4 3 ( 6 )

0 . 1 6 4 2 ( 2 )

0 . 7 7 3 2 ( 2 )

3 . 5 7 ( 2 )

C2

0 . 8 0 5 7 1 ( 6 )

0 . 0 2 4 0 ( 3 )

0 . 6 9 4 5 ( 2 )

3 . 9 1 ( 3 )

C3

0 . 7 7 9 2 2 ( 7 )

- 0 . 1 8 5 7 ( 3 )

0 . 6 3 5 4 ( 2 )

4 . 1 5 ( 3 )

C4

0 . 7 1 4 5 4 ( 7 )

-0 . 2 469(3 )

0 . 6 5 5 1 ( 2 )

3 . 7 5 ( 3 )

C5

0 . 6 0 4 2 8 ( 6 )

- 0 . 1 6 2 1 ( 3 )

0 . 7 5 5 5 ( 2 )

3 . 8 3 ( 3 )

C6

0 . 5 6 4 8 0 ( 6 )

- 0 . 0 1 9 8 ( 3 )

0 . 8 3 4 5 ( 2 )

4 . 3 6 ( 3 )

C7

0 . 5 9 0 8 0 ( 7 )

0 . 1 8 7 2 ( 3 )

0 . 8 9 5 2 ( 2 )

4 . 2 3 ( 3 )

C8

0 . 6 5 5 6 9 ( 7 )

0 . 2 4 8 8 ( 3 )

0 . 8 7 6 2 ( 2 )

3 . 6 2 ( 2 )

C9

0 . 6 9 7 9 9 ( 6 )

0 . 1 0 6 1 ( 2 )

0 . 7 9 5 8 ( 1 )

3 . 0 0 ( 2 )

CI O

0 . 6 7 1 9 0 ( 6 )

- 0 . 1 0 4 6 ( 2 )

0 . 7 3 5 2 ( 1 )

3 . 0 8 ( 2 )

C ll

0 . 8 7 7 0 8 ( 7 )

0 . 0 9 1 3 ( 3 )

0 . 6 7 0 4 ( 2 )

5 . 1 7 ( 4 )

Cl 2

0 . 9 2 9 0 9 ( 6 )

0 . 0 5 1 6 ( 3 )

0 . 8 1 9 2 ( 2 )

4 . 1 9 ( 3 )

The

e q u iv a le n t

r e f in e d

i s o t r o p i c

a n i s o t r o p i c a l l y ,

Be g = 4 / 3

(a2elx

th erm a l
i s

p a r a m e te r ,

d e f in e d

by

th e

fo r

atom s

e q u a tio n :

+ b 2 e 2 2 + c2(333 + ac| 31 3 cosf3)
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Table

4.2.6.

Atom

P o s i t i o n a l P a r a m e t e r s and T h e i r
E s tim a te d Standard D e v i a t i o n s for
2 , 2 - D i p h e n y l a c e t i c Acid

x

y

z

B

eq

2
(A )

01

0 . 4 4 5 9 2 ( 8 )

0 . 3 5 4 9 ( 2 )

0 . 4 1 4 8 0 ( 8 )

5 .1 7 ( 2 )

02

0 . 6 2 1 5 2 ( 8 )

0 . 4 2 2 5 ( 2 )

0 . 4 3 3 6 5 ( 8 )

5 .5 0 ( 2 )

Cl

0 . 5 3 9 9 ( 1 )

0 . 3 3 7 1 ( 2 )

0 . 3 8 6 9 ( 1 )

3 . 7 5 ( 3 )

C2

0 . 5 7 4 7 ( 1 )

0 . 2 1 6 9 ( 2 )

0 . 2 9 5 6 ( 1 )

3 .7 3 ( 3 )

C3

0 . 4 8 4 2 ( 1 )

0 . 0 8 2 8 ( 2 )

0 . 2 6 2 3 ( 1 )

3 .7 5 ( 3 )

C4

0. 4 505(1 )

- 0 . 0 5 3 7 ( 2 )

0 . 3 3 1 2 ( 1 )

4 . 6 8 ( 3 )

C5

0 . 3 6 7 8 ( 1 )

- 0 . 1 7 6 0 ( 2 )

0 . 3 0 4 2 ( 1 )

5 .1 2 ( 4 )

C6

0 . 3 1 7 9 ( 1 )

- 0 . 1 6 6 1 ( 2 )

0 . 2 0 6 4 ( 1 )

5 .4 3 ( 4 )

C7

0 . 3 5 1 4 ( 1 )

- 0 . 0 3 3 8 ( 3 )

0 . 1 3 6 7 ( 1 )

5 . 7 5 ( 4 )

C8

0 . 4 3 4 2 ( 1 )

0 . 0 8 9 8 ( 2 )

0 . 1 6 3 7 ( 1 )

4 . 8 1 ( 3 )

C9

0 . 6 1 5 9 ( 1 )

0 . 3 3 7 6 ( 2 )

0 . 2 0 7 6 ( 1 )

3 . 6 8 ( 3 )

CIO

0 . 5 6 5 0 ( 1 )

0 . 5 0 2 2 ( 2 )

0 . 1 8 0 7 ( 1 )

4 . 8 9 ( 3 )

C ll

0 . 5 9 9 8 ( 2 )

0 . 6 0 6 6 ( 3 )

0 . 0 9 6 9 ( 1 )

5 . 8 0 ( 4 )

Cl 2

0 . 6 8 5 7 ( 1 )

0 . 5 4 6 0 ( 3 )

0 . 0 3 7 4 ( 1 )

5 . 5 8 ( 4 )

Cl 3

0 .7 3 7 3 ( 1 )

0 . 3 8 4 0 ( 3 )

0 . 0 6 2 9 ( 1 )

5 . 3 8 ( 4 )

Cl 4

0 . 7 0 3 3 ( 1 )

0 . 2 7 9 4 ( 2 )

0 . 1 4 8 5 ( 1 )

4 . 5 4 ( 3 )

The

e q u iv a le n t

r e f in e d

Be q

“

i s o t r o p i c

a n i s o t r o p i c a l l y ,

4 /3

(a

P11

+

b

th erm al
i s

P22

p a r a m e te r ,

d e f in e d

+

c

P33

by

+

th e

fo r

atom s

e q u a tio n :

a c P i 3 c o s P)
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Table 6.1.2
Positional parameters and their e.s.d.'s.
o f 4,4'-Biphenol (I)
X

y

O

0.44802(7)

-0.0077(2)

0.2479(1)

4.00(2)

Cl

0.06798(8)

-0.0001(2)

0.0369(1)

2.27(2)

C2

0.11630(9)

-0.1876(2)

0.1461(2)

2.90(2)

C3

0.2425(1)

-0.1878(3)

0.2151(2)

3.18(2)

C4

0.32330(9)

0.0001(2)

0.1754(1)

2.76(2)

C5

0.2792(1)

0.1881(2)

0.0667(2)

3.15(2)

C6

0.1524(1)

0.1865(2)

-0.0009(1)

2.99(2)

H lO H

0.482(2)

0.156(5)

0.231(3)

8.7(5)*

H2

0.064(1)

-0.326(3)

0.177(1)

3.8(3)*

H3

0.275(1)

-0.325(3)

0.289(2)

5.0(3)*

H5

0.338(1)

0.325(3)

0.037(2)

4.5(3)*

H6

0.121(1)

0.324(3)

-0.072(2)

4.9(4)*

Atom

Starred atoms were refined isotropically.

z

Beq(A2)
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Table 6.1.3
Bond Lengths (A)
of 4,4'-Biphenol (I)
Atom 1

Atom 2

o

C4

o

Distance

Atom 1

Atom 2

Distance

1.3845(8)

C3

C4

1.377(1)

H lO H

0.96(2)

C3

H3

0.98(1)

Cl

Cl

1.495(1)

C4

C5

1.380(1)

Cl

C2

1.393(1)

C5

C6

1.393(1)

Cl

C6

1.392(1)

C5

H5

1.00(1)

C2

C3

1.3894(9)

C6

Ho

0.97(1)

C2

H2

0.97(1)
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Table 6.1.4
Bond Angles (°)
o f 4,4'-Biphenol (I)

tom 1

Atom 2

Atom 3

Angle

Atom 1 Atom 2

Atom 3

Angle

C4

O

H lO H

105.3(9)

O

C4

C3

117.78(7)

Cl

Cl

C2

121.60(8)

O

C4

C5

122.12(7)

Cl

Cl

C6

121.53(8)

C3

C4

C5

120.10(7)

C2

Cl

C6

116.87(7)

C4

C5

C6

119.35(8)

Cl

C2

C3

121.71(7)

C4

C5

H5

120.4(6)

Cl

C2

H2

21.9(6)

C6

C5

H5

120.3(6)

C3

C2

H2

116.4(6)

Cl

C6

C5

122.07(8)

C2

C3

C4

119.91(8)

Cl

C6

H6

118.8(6)

C2

C3

H3

120. 1(6)

C5

C6

H6

119.1(6)

C4

C3

H3

120.0(6)
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Table 6.1.5
Torsion Angles (°)
of 4,4'-Biphenol (I)

Atom 1

Atom 2

Atom 3

Atom 4

Angle

C6

Cl

C2

C3

0.4(2)

C2

Cl

C6

C5

-0.1 (2)

Cl

C2

C3

C4

-0.3 (2)

C2

C3

C4

0

C2

C3

C4

C5

-0.2 (2)

O

C4

C5

C6

-179.5 (1)

C3

C4

C5

C6

0.5 (2)

C4

C5

C6

Cl

-0.3 (2)

179.8 (1)
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Table 6.1.6a
Positional parameters and their e.s.d.'s. o f
3,3\5,5'-Tetra-ferr-butyl-4,4'-biphenol (II)

Atom

X

y

z

Beq(A2)

Ol

0

0

0

6.08(6)

02

0

0

0.7661(2)

6.82(6)

Cl

0

0

0.1084(2)

3.96(6)

C2

0.0353(1)

-0.0496(1)

0.1604(2)

3.75(4)

C3

0.0347(1)

-0.0471(1)

0.2685(2)

3.78(4)

C4

0

0

0.3253(2)

3.37(5)

C5

0

0

0.4411(2)

3.55(6)

C6

0.0162(1)

-0.0572(1)

0.4974(2)

3.98(4)

Cl

0.0168(1)

-0.0592(1)

0.6059(2)

4.12(4)

C8

0

0

0.6582(2)

4.55(7)

C9

0.0739(1)

-0.1048(1)

0.1033(2)

4.49(5)

CIO

0.1017(2)

-0.1564(1)

0.1795(2)

7.23(7)

C ll

0.0299(2)

-0.1453(1)

0.0309(2)

6.50(7)

C12

0.1296(2)

-0.0738(2)

0.0423(3)

7.75(7)

Beq = * f - Z i I j u ij af ai *aj

Table 6.1.6b
Positional Paramaters and e.s.d.'s for H atoms o f
3,3',5,5'-Tetra-rm-butyl-4,4'-biphenol (II)
Atom

x

y

z

B (A^)

H3

0.0594

0.0794

0.3056

4

H6

0.0272

-0.0967

0.4601

4

H101

0.1250

-0.1895

0.1419

8

H102

0.1298

-0.1343

0.2270

8

H103

0.0675

-0.1771

0.2169

8

H ill

0.0544

-0.1789

-0.0034

7

H112

-0.0033

-0.1659

0.0705

7

H113

0.0112

-0.1162

-0.0194

7

Table 6.1.7
Bond lengths (A) of
3,3\5,5'-Tetra-terr-butyl-4,4'-biphenol (II)
Atom 1 Atom 2

Distance

Atom 1

Atom 2

Distance

Ol

Cl

1.391(3)

C7

C8

1.400(2)

02

C8

1.385(3)

C7

C13

1.539(3)

Cl

C2

1.399(2)

C9

CIO

1.531(3)

C2

C3

1.389(3)

C9

C ll

1.531(3)

C2

C9

1.543(3)

C9

C12

1.527(3)

C3

C4

1.389(2)

C13

C14

1.531(3)

C4

C5

1.486(3)

C13

C15

1.545(4)
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Table 6.1.8
Bond Angles (°) of
3,3l>5,5'-Tetra-terf-butyl-4,4'-biphenol (II)
itom 1

Atom 2

Atom 3

Angle

Atom 1 Atom 2

Atom 3

Angle

C2

Cl

C2*

123.0(2)

Cl

C8

C l'

122.7(2)

01

Cl

C2

118.5(1)

Cl

C9

CIO

111.6(2)

Cl

C2

C3

116.5(2)

Cl

C9

C ll

110.8(2)

Cl

Cl

C9

123.2(2)

Cl

C9

C12

110.3(2)

C3

Cl

C9

120.3(2)

CIO

C9

C ll

105.1(2)

C2

C3

C4

123.6(2)

CIO

C9

C12

108.3(2)

C3

C4

C5

121.7(1)

C ll

C9

C12

110.6(2)

C4

C5

C6

121.3(1)

Cl

C13

C14

112.2(2)

C5

C6

Cl

123.0(2)

Cl

C13

C15

110.1(2)

C6

Cl

C8

117.0(2)

Cl

C13

C16

110.2(2)

C6

Cl

C13

120.1(2)

C14

C13

C15

106.9(2)

C8

Cl

C13

122.9(2)

C14

C13

C16

106.6(2)

02

C8

Cl

118.7(1)

C15

C13

C16

110.8(2)

C3

C4

C3'

116.6(2)

C6

C5

C6'

117.4(2)
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Table 6.1.9
Torsion angles (°).of
3,3'.5,5'-Tetra-ferf-butyl-4,4'-biphenol (II)
Atom 1

Atom 2

Atom 3

Atom 4

Angle

Cl

C2

C9

CIO

-173.9 (2)

Cl

C2

C9

C ll

-57.2 (3)

Cl

C2

C9

C12

65.6(3)

C3

C2

C9

CIO

6.4 (3)

C3

C2

C9

C ll

123.1 (2)

C3

C2

C9

C12

-114.0 (3)

C3

C4

C5

C6

-21.1 ( 1)

C13

C7

C8

02

-0.3 (2)

C6

C7

C13

C14

-0.1 (3)

C6

C7

C13

C15

-119.0(2)

C6

C7

C13

C16

118.5 (2)

C8

C7

C13

C14

-179.8 (8)

C8

C7

C13

C15

61.2 (3)

C8

C7

C13

C16

-61.3 (3)
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Table 6.
Table 6.1.10a
Positional parameters and their e.s.d.'s. of
3,3 '.5,5’-Tetra-rerr-butyl-4,4'-diphenoquinone (EH)
Atom

Beq(A2)

X

y

z

01

0.5470(2)

0.35497(9)

0.0812(1)

6.40(2)

Cl

0.9319(2)

0.0508(1)

0.0113(1)

2.94(2)

C2

0.9266(2)

-0.1273(1)

-0.0918(1)

3.08(2)

C3

0.7987(2)

-0.2264(1)

-0.0744(1)

3.00(2)

C4

0.6579(2)

-0.2620(1)

0.0593(1)

3.61(2)

C5

0.6560(2)

-0.1834(1)

0.1663(1)

2.98(2)

C6

0.7872(2)

-0.0847(1)

0.1394(1)

3.10(2)

Cl

0.7923(2)

-0.3035(1)

-0.1862(1)

3.31(2)

C80

0.9429(3)

-0.2510(1)

-0.3171(1)

4.75(3)

C9

0.8802(3)

-0.4479(1)

-0.1551(2)

4.72(3)

CIO

0.5487(2)

-0.2923(2)

-0.2056(2)

4.82(3)

C ll

0.5049(2)

-0.2173(1)

0.3034(1)

3.30(2)

C12

0.5240(3)

-0.1258(1)

0.4003(1)

4.78(3)

C13

0.5774(3)

-0.3566(2)

0.3605(2)

5.48(4)

C14

0.2552(3)

-0.2028(2)

0.2937(2)

5.24(4)

Beq = ^ X i X j U„ aTa* a, «aj
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Table 6.1.10b
Positional parameters and their e.s.d.'s. for H atoms of
3,3'>5,5'-Tetra-ferf-butyl-4,4'-diphenoquinone (III)
:om

X

y

z

B(A2)

H2

1.018(2)

-0.106(1)

-0.178(1)

1.8(3)*

H6

0.780(2)

-0.032(1)

0.213(1)

1.7(3)*

H81

0.932(3)

-0.303(2)

-0.387(2)

4.2(4)*

H82

0.891(3)

-0.158(2)

-0.349(2)

3.3(4)*

H83

1.105(3)

-0.260(2)

-0.309(2)

3.0(4)*

H91

0.884(3)

-0.491(2)

-0.232(2)

4.4(4)*

H92

1.044(3)

-0.460(2)

-0.142(2)

3.7(4)*

H93

0.782(3)

-0.494(2)

-0.076(2)

3.9(4)*

H101

0.553(3)

-0.334(2)

-0.286(2)

4.6(5)*

H102

0.440(4)

-0.333(2)

-0.121(2)

5.9(5)*

H103

0.482(3)

-0.198(2)

-0.219(2)

5.1(5)*

H121

0.423(3)

-0.151(2)

0.488(2)

3.7(4)*

H122

0.695(3)

-0.140(2)

0.413(2)

4.1(4)*

H123

0.470(3)

-0.036(2)

0.369(2)

4.0(4)*

H131

0.467(4)

-0.368(2)

0.458(2)

5.3(5)*

H132

0.549(3)

-0.418(2)

0.307(2)

3.5(4)*

H133

0.739(4)

-0.370(2)

0.368(2)

5.8(5)*

H141

0.156(3)

-0.219(2)

0.384(2)

3.7(4)*

H142

0.203(4)

-0.107(2)

0.264(2)

6.3(6)*

H143

0.229(3)

-0.267(2)

0.231(2)

4.2(4)*

Starred atoms were refined isotropically.
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Table 6.1.11
Bond lengths (A) of
3,3',5,5'-Tetra-rm-butyl-4,4'-diphenoquinone (HI)

Atom 1

Atom 2

Distance

Atom 1

Atom 2

Distance

01

C4

1.2245(8)

C5

C6

1.3492(9)

Cl

Cl

1.397(1)

C5

C ll

1.5348(8)

Cl

C2

1.4474(9)

C7

C8

1.533(1)

Cl

C6

1.4477(8)

C7

C9

1.537(1)

C2

C3

1.3482(9)

C7

CIO

1.534(1)

C3

C4

1.4862(9)

C ll

C12

1.531(1)

C3

C7

1.5311(9)

C ll

C13

1.531(1)

C4

C5

1.4849(9)

C ll

C14

1.535(1)
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Table 6.1.12
Bond Angles (°) of
3,3 ',5,5 '-Tetra-fm-butyl-4,4’-diphenoquinone (HI)
Atom 1 Atom 2 Atom 3 Angle

Atom 1 Atom 2 Atom 3 Angle

Cl

Cl

C2

122.02(7)

Cl

C6

C5

123.72(6)

Cl

Cl

C6

121.68(7)

C3

Cl

C8

111.33(5)

C2

Cl

C6

116.30(5)

C3

Cl

C9

110.26(6)

Cl

C2

C3

124.07(6)

C3

Cl

CIO

110.14(6)

C2

C3

C4

118.41(6)

C8

Cl

C9

107.61(7)

C2

C3

C7

122.89(6)

C8

cri

CIO

107.68(7)

C4

C3

C7

118.70(6)

C9

Cl

CIO

109.75(7)

Ol

C4

C3

120.75(6)

C5

C ll

C12

111.37(5)

Ol

C4

C5

120.55(6)

C5

C ll

C13

110.53(6)

C3

C4

C5

118.70(6)

C5

C ll

C14

109.59(6)

C4

C5

C6

118.74(6)

C12

C ll

C13

107.12(7)

C4

C5

C ll

118.76(5)

C12

C ll

C14

107.76(7)

C6

C5

C ll

122.50(6)

C13

C ll

C14

110.41(8)
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Table 6.1.13
Torsion Angles (°) of
3,3',5,5'-Tetra-rerr-butyl-4,4'-diphenoquinone (HI)
Atom 1

Atom 2

Atom 3

Atom 4

C6
C2
Cl
Cl
C2
C2
C7
Cl
C2
C2
C2
C4
C4
C4
01
01
C3
C3
C4
C ll
C4
C4
C4
C6
C6
C6

Cl
Cl
C2
C2
C3
C3
C3
C3
C3
C3
C3
C3
C3
C3
C4
C4
C4
C4
C5
C5
C5
C5
C5
C5
C5
C5

C2
C6
C3
C3
C4
C4
C4
C4
Cl
Cl
Cl
Cl
Cl
Cl
C5
C5
C5
C5
C6
C6
C ll
C ll
C ll
C ll
C ll
C ll

C3
C5
C4
Cl
Ol
C5
Ol
C5
C8
C9
CIO
C8
C9
CIO
C6
C ll
C6
C ll
Cl
Cl
C12
C13
C14
C12
C13
C14

Angle

-0.5 (2)
1.5 (2)
-1.5 (2)
178.7 (1)
-176.7 (1)
2.7 (2)
3.3 (2)
-177.3 (1)
-1.4 (2)
118.0 (1)
- 120.8 ( 1)
178.6 (1)
-62.0 (2)
59.2 (1)
177.6 (1)
-2.5 (2)
-1.9 (2)
178.1 (1)
-0.3 (2)
179.8 (1)
-179.7 (1)
61.4 (2)
-60.5 (2)
0.3 (2)
-118.7(1)
119.4(1)
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Table 6.2.2
Positional parameters and their e.s.d.'s.
of 4-Nitrobenzaldehyde (I)
Atom

X

y

z

V A2)

Ol

0.8343(2)

1.000

0.5287(1)

5.76(3)

02

1.1274(2)

0.9633(5)

0.6488(2)

6.73(4)

03

0.6646(2)

-0.0252(4)

0.9788(1)

4.58(3)

03'

0.372(1)

0.018(2)

0.8500(8)

2.2( 1)*

N

0.9408(2)

0.8963(4)

0.6159(1)

4.04(3)

Cl

0.8448(2)

0.6871(5)

0.6860(2)

3.34(3)

C2

0.6368(3)

0.6070(4)

0.6469(2)

3.87(4)

C3

0.5477(2)

0.4081(5)

0.7143(2)

3.84(3)

C4

0.6650(2)

0.2974(4)

0.8189(2)

3.42(3)

C5

0.8743(2)

0.3830(5)

0.8543(2)

3.84(4)

C6

0.9662(2)

0.5779(4)

0.7878(2)

3.87(4)

Cl

0.5668(3)

0.0828(4)

0.8908(2)

3.82(4)

H2

0.569(3)

0.683(6)

0.566(2)

5.1(5)*

H3

0.401(3)

0.354(5)

0.687(2)

4.6(4)*

H5

0.970(3)

0.294(5)

0.923(2)

4.9(5)*

H6

1.103(3)

0.654(6)

0.815(2)

5.1(5)*

H7

0.4203

0.0311

0.8651

4.0

Starred atoms were refined isotropically.

Be q = ^ £ i X j u ijai*a* ai*aj

214
Table 6.2.3
Bond lengths (A)
of 4-Nitrobenzaldehyde (I)

Atom 1

Atom 2

Distance

Atom 1

Atom 2

Distance

Ol

N

1.213(2)

C2

H2

1.00(2)

02

N

1.227(2)

C3

C4

1.395(2)

03

C7

1.204(2)

C3

H3

0.97(1)

03'

C7

1.293(6)

C4

C5

0.390(2)

N

Cl

1.461(2)

C4

C7

1.497(2)

Cl

C2

1.382(2)

C5

C6

1.374(2)

Cl

C6

1.382(2)

C5

H5

1.01(2)

C2

C3

1.387(2)

C6

H6

0.96(2)
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Table 6.2.4
Bond Angles (°)
of 4-Nitrobenzaldehyde (I)

Atom 1

Atom 2 Atom 3

Angle

Atom 1

Atom 2

Atom 3

Angle

Ol

N

02

122.2(2)

C3

C4

C5

119.8(2)

01

N

Cl

119.5(1)

C3

C4

C7

119.9(1)

02

N

Cl

118.4(1)

C5

C4

C7

120.3(1)

N

Cl

C2

118.4(1)

C4

C5

C6

120.6(1)

N

Cl

C6

118.5(1)

C4

C5

H5

122(1)

C2

Cl

C6

123.1(1)

C6

C5

H5

117(1)

Cl

C2

C3

117.7(1)

Cl

C6

C5

118.4(1)

Cl

C2

H2

117(1)

Cl

C6

H6

119(1)

C3

C2

H2

125(1)

C5

C6

H6

123(1)

C2

C3

C4

120.5(1)

03

C7

03'

122.3(4)

C2

C3

H3

117(1)

03

C7

C4

122.2(2)

C4

C3

H3

122(1)

03'

C7

C4

115.4(3)
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Table 6.2.5
Selected Torsion Angles (°)
of 4-Nitrobenzaldehyde (I)
Atom 1

Atom 2

Atom 3

Atom 4

Angle

Ol

N

Cl

C2

2 .5 ( 3 )

Ol

N

Cl

C6

-177.7 (2)

02

N

Cl

C2

-178.3 (2)

02

N

Cl

C6

1.4 (3)

C3

C4

C7

03

177.2 (2)

C3

C4

C7

03'

-1.3 (6)

C5

C4

C7

03

-1.4 (3)

C5

C4

C7

03'

-179.9 (5)
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